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Preface 


This Instructor's Manual contains the solutions to all the end-of-chapter problems (but not the 
appendices) from Classical Dynamics of Particles and Systems, Fifth Edition, by Stephen T. 
Thornton and Jerry B. Marion. It is intended for use only by instructors using Classical Dynamics 
as a textbook, and it is not available to students in any form. A Student Solutions Manual 
containing solutions to about 25% of the end-of-chapter problems is available for sale to 
students. The problem numbers of those solutions in the Student Solutions Manual are listed on 
the next page. 

As a result of surveys received from users, I continue to add more worked out examples in 
the text and add additional problems. There are now 509 problems, a significant number over 
the 4th edition. 

The instructor will find a large array of problems ranging in difficulty from the simple 
“plug and chug” to the type worthy of the Ph.D. qualifying examinations in classical mechanics. 
A few of the problems are quite challenging. Many of them require numerical methods. Having 
this solutions manual should provide a greater appreciation of what the authors intended to 
accomplish by the statement of the problem in those cases where the problem statement is not 
completely clear. Please inform me when either the problem statement or solutions can be 
improved. Specific help is encouraged. The instructor will also be able to pick and choose 
different levels of difficulty when assigning homework problems. And since students may 
occasionally need hints to work some problems, this manual will allow the instructor to take a 
quick peek to see how the students can be helped. 

It is absolutely forbidden for the students to have access to this manual. Please do not 
give students solutions from this manual. Posting these solutions on the Internet will result in 
widespread distribution of the solutions and will ultimately result in the decrease of the 
usefulness of the text. 

The author would like to acknowledge the assistance of Tran ngoc Khanh (5th edition), 
Warren Griffith (4th edition), and Brian Giambattista (3rd edition), who checked the solutions of 
previous versions, went over user comments, and worked out solutions for new problems. 
Without their help, this manual would not be possible. The author would appreciate receiving 
reports of suggested improvements and suspected errors. Comments can be sent by email to 
stt@virginia.edu, the more detailed the better. 

Stephen T. Thornton 
Charlottesville, Virginia 
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Matrices, Vectors, 
and Vector Calculus 





Axes x; and x; liein the x,x, plane. 

The transformation equations are: 
X, = x; cos 45? — x, cos 45? 
X=% 


x5 = x4 COS 45° + x, cos 45? 


1 1 
Xi = p” TR” 
xX} =X, 
"E. 1 
X3 Tp” an 


So the transformation matrix is: 





fa, 1) 
B Uu 
0 1 0 
og eis 
B3 
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1 2. 


a) 





From this diagram, we have 























OE cos œ = OA 
OE cos f - OB (1) 
OE cos y - OD 
Taking the square of each equation in (1) and adding, we find 
OE | cos? a + cos? B+ cos? »] -OA «OB +0D (2) 
But 
OA «OB. =0C (3) 
and 
OC 40D -0E (4) 
Therefore, 
OA «OB «OD -OE (5) 
Thus, 
cos? a -- cos? fj» cos? y =1 (6) 
b) 





First, we have the following trigonometric relation: 


OE +OE -20EOE cos0 - EE^ (7) 
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But, 

"9 f 2 r 2 t ? 
EE -[08 -08| «[oa -o| [8D -05| 
——f — 2 —t — ; 
E OE cos f' — OE cos ^ + [OE cos a’ — OE cos «| 
——— Pa, 2 
+ OE cos vy’ - OE cos | (8) 
or, 


EE OR | cos? a! *- cos? p' + cos? y'| “OE | cos? a + cos? B + cos? 7] 
-20E OE| cos æ COS &æ' + cos fj cos f/' + cos y cos »'] 


= OE” OE? -20E OE [cos a cos a’ + cos £ cos f' + cos y cos y' | (9) 


Comparing (9) with (7), we find 





[cos 0 = cos a cos a'+cos fj cos p' + cos y cos y' (10) 








1-3. 





Denote the original axes by x,, x,, x,,and the corresponding unit vectors by e,,e,, e,. Denote 
the new axes by xi, x5, x; and the corresponding unit vectors by e;, ej, e}. The effect of the 
rotation is e, > ej, e, > ej, e, > ej. Therefore, the transformation matrix is written as: 


cos(e!, e) cos(e!, e;) cos(e!, e;) 0 1 0 
A= cos(e^, e,) cos(e^, e; ) cos(e^, e.) -|00 1 
cos(e5,e,) cos(es,e,) cos(ej,e,)| |1 0 0 
1-4. 
a) Let C= AB where A, B, and C are matrices. Then, 
C; = S Ar By (1) 
k 


(C), = C; = 2.4; By p? By Aix 


Identifying By =(B'), and A, =(A') 


kj” 


or, 


b) To show that (AB)  - B'A", 
(AB)B' A" 21-(B'A")AB 


That is, 





(AB)B^ A^ = AIA” = A4" - I 





(B'A")(AB)- B'IB-B'B-I 


1-5. Take å to be a two-dimensional matrix: 


Ay Ar 


Ass 
| | Ay Ax, 


> Aaa E Ayn 








Then, 


lal’ F. Ai Ag E 2À AAA, + Ahin + (4545 + ABAD) ~ (4542, + Aid) 


= Ax (45 + Ai) + Ah (Az, 3i Ai) = (4545 + 2A As Ap As + 442] 


= (4 + Ain) (Ata + An) 7 (A145. + Adoos) 


l 


But since Ais an orthogonal transformation matrix, Y AA E 
j 


Thus, 
Ai + Ai = Ae + A» -1 
Aufn + Aâ =0 
Therefore, (2) becomes 


a -1 


1-6. The lengths of line segments in the x, and x; systems are 


Le aro 
j i 
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(2) 


(3) 


(4) 


(5) 
(6) 


(1) 


(2) 


(3) 


(4) 


(1) 
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If L-L',then 
2. 12 
24-2 
J 1 
The transformation is 


em 
x= 2,4%; 
j 


Then, 
we \ \ 
2; s = » (2 Aa > Aux] 
j i\k r 
( \ 
= > XX, P Au] 
ke i 
But this can be true only if 





which is the desired result. 


1-7. 





There are 4 diagonals: 

D, from (0,0,0) to (1,1,1), so (1,1,1) - (0,0,0) = (1,1,1) = D,; 
(1,0,0) to (0,1,1), so (0,1,1) - (1,0,0) = (-1,1,1) = D,; 

D,, from (0,0,1) to (1,1,0), so (1,1,0) - (0,0,1) = (1,1,-1) = D,; and 
D,, from (0,1,0) to (1,0,1), so (1,0,1) - (0,1,0) = (1,-1,1) = D,. 


D,, from 


The magnitudes of the diagonal vectors are 


ID;]- D; - D, - |D.|- v3 





The angle between any two of these diagonal vectors is, for example, 


DiD: (o (HM (411) 1 


ID. [|D. | 3 3 








(4) 


(5) 
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so that 
f1 
0—-cos | —| =70.5° 
3 


Similarly, 


D,D, D,D, D,D, D,D, D,D, ,1 


bb, pp. Ip. m.p. pp. 3 





1-8. Let Obe the angle between A and r. Then, A-r= A? can be written as 


Ar cos 0 = A? 
Or, 
rcosd=A (1) 
This implies 
QPO = 7 (2) 


Therefore, the end point of r must be on a plane perpendicular to A and passing through P. 


1-9. A=i+2j-k B=-2i+3j+k 





a) [A-B-8i-j-2k 
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| - B|- | (5^ +(-1} C2 | 


b) 





component of B along A 
The length of the component of B along A is B cos @. 
A-B= AB cos 0 
AB 25618 3. V6 
A v6 V6 2 


The direction is, of course, along A. A unit vector in the A direction is 





Bcos0- 


aeli+2i-K) 
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So the component of B along A is 






































1 
~(i+2j-k 
5 *2j- k) 
c) dogm E. s; -.N3 . or cog 3. 
AB deJ14 247 247 
0-71? 
d Kade sse She 2 
BET ur ea. ale eds Stem 
-2 3 1 
Ax B=5i+j+7k 
e) A-B-3i-j-2k  A+B=-i+5j 
i j k 
(A-B)x(A+B)=|3 -1 -2 
-1 5 0 





(A-B)x(A+B)=10i+2j+14k 


1-10. r=2bsin øti+bcosøtj 





v -r-2bocos oti-bosin otj 
a) 
a =v =-2bæ sin wot i- bo cos ot j= 





—or 





speed =|v|=[ 4b^«? cos? wt + bœ? sin? 


1/2 
- bo| 4 cos? ot + sin? ot | í 








speed = bø| 3 cos? wt + HJ 








b) At t=2/2a, sinot-1, cosot-0 


So, at this time, v 2 -bo j, a-—2bo? i 


So, [0 =90°| 





ot] 
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1-11. 
a) Since (A x B), =A A,B, , we have 


ijk 


(AxB).C- Y Y a ABC, 


i jk 

-C, (A,B, — A,B;) =. (A,B, — A,B,) +C, (A,B, — A,B, ) (1) 
C. Lo G A, A, A4, |A, A, A, 

=|A, A, As =-|C C, C; -|B, B, B, - A-(BxC) 
B, B, 3 B, B, B, C C, C, 


We can also write 


C C, C, B, B, B, 
(AxB)C--|B, B, B,|=|C, C, C,{=B-(CxA) (2) 
A, A, A| |A A, A 


We notice from this result that an even number of permutations leaves the determinant 
unchanged. 


b) Consider vectors A and B in the plane defined by e,, e, . Since the figure defined by A, B, 
C is a parallelepiped, A x B =e, x area of the base, but e,- C = altitude of the parallelepiped. 
Then, 


C-(A x B) -(C:e;)x area of the base 
— altitude x area of the base 


- volume of the parallelepiped 





The distance h from the origin O to the plane defined by A, B, C is 
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j (ba) x(c-b) 
(b - a) x (c- b] 





_|a-(bxc-axc+axb)| 





|bxc-axc+axb| 


E la: b x c| 
| |jaxb+bxc+cxal| 


(1) 





The area of the triangle ABC is: 





1 1 1 
A=5|(b a)x(c b)|- 7a c)x(b-a)- 7 (c7 b) x (a- o) Q2) 


1-13. Using the Eq. (1.82) in the text, we have 
AxB-Ax(AxX)-(X-A)A-(A-A)X- 9A - A'X 


from which 























x (Bx A) * 9A 
A? 
1-14. 
1 2 -1||2 1 0| |1 -2 1 
a) AB=|0 3 1ļ||0 -1 2ļ|=|1 -2 9 
2 0 1|1 1 3| pb. 3 3 
Expand by the first row. 
=2 1 9 J1 -2 
|AB|-1 +2 +1 
3.3 [5 3) | 3 
|AB| = -104 
-1||2 1 9 7 
b) AC=|0 3 1ļ||4 3-13 9 
1 0 5 2 
9 7 
AC-|13 9 


5 2 
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10 


L 


ABC- 


c) 








d) 


(from part a) 


9 


-2 





AB=|1 


B'A' 








-3 -4 
6 

-6 0 

A'A-1 


0 
=|3 0 
4 


AB - B/A! 








If A is an orthogonal matrix, then 


1-15. 





Iudex zw 
oo wnà [Ge | 
CO. et (SS on oc 
ee de ey 
Il ll 
i = he si a 
G e 
© Ss oo es 
| N 
oO 8 8 es 
O Ss 0c 
= oo N 
ES Él] 
EN) 
oee a Cc Cc 
eee 
a4 Cc c 
ple ee 
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1-16. 





r cos 0 


r-a=constant 
ra cos 0 = constant 


It is given that a is constant, so we know that 


r cos 8= constant 


But r cos 0 is the magnitude of the component of r along a. 


11 


The set of vectors that satisfy r-a = constant all have the same component along a; however, the 


component perpendicular to a is arbitrary. 


Thus the surface represented by r.a = constant 
is a plane perpendicular to a. 





1-17. 


C E b 
A 
Consider the triangle a, b, c which is formed by the vectors A, B, C. Since 
C-A-B 
IC? - (A - B)-(A - B) 


-A -2A.B« P 


or, 





|C = 4? +B? -2AB cos 8 











which is the cosine law of plane trigonometry. 


1-18. Consider the triangle a, b, c which is formed by the vectors A, B, C. 





(1) 


12 


C-A-B 
so that 
CxB=(A-B)xB 
but the left-hand side and the right-hand side of (2) are written as: 
CxB=BCsinae, 
and 
(A-B)xB-AxB-BxB-AxB- ABsin ye, 
where e, is the unit vector perpendicular to the triangle abc. Therefore, 
BC sin a = AB sin y 


or, 








siny sinc 
Similarly, 


C A B 
siny sina sinf 








which is the sine law of plane trigonometry. 


1-19. 





a) We begin by noting that 
ja -bf 2 à? +b? - 2ab cos (a — f) 
We can also write that 
la - bf - (a, - b (a, - b,)* 
- (a cos a - b cos B)" + (a sin a -b sin B 
=a" (sin? a + cos? a) £p (sin? f ^ cos? p) — 2ab(cos æ cos f + sin æ sin £) 


2a +b? - 2ab(cos &æ COS D + sin a sin p) 


CHAPTER 1 


(1) 


(2) 


(3) 


(4) 


(6) 


(1) 


(2) 
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Thus, comparing (1) and (2), we conclude that 





cos(a — p) = cos a cos B + sin a sin f 











b) Using (3), we can find sin(a - f): 
sin(a - B) - J1— cos? (a — p) 
= 41 - cos? a cos? f - sin? a sin? fj - 2cos a sin a cos £ sin 8 


=,[1- cos? o(1- sin? f) - sii o(1- cos? p) — 2cos asin a cos fj sin f 








= sin? a cos? fj - 2sin asin f cos a cos 8 + cos’ a sin? 8 





- V (sin & cos fj — cos a sin BJ 
so that 


sin (a — P) = sin a cos f — cos a sin f 





1-20. 

a) Consider the following two cases: 
When i2 j 6; =0 but £; #0. 
When i=j 6; #0 but 2; =0. 


Therefore, 











È Fix Ó; -0 
ij 





b) We proceed in the following way: 
When j =k, £4, 72; =0. 


Terms such as £ £;, =0. Then, 


2.55 Evin = €i Enz + Ens Eas + €i €i + isi €i + Eig Er32 F Ein E123 
jk 


Now, suppose i= / — 1, then, 


>= En Em + £i £y = 14+1=2 
jk 


13 


(3) 


(4) 


(5) 


(1) 
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for i-24/-22, cba Ens + 433; E1 7 1t 12 2. For 1=£=3, jm £y T 4554 E31 = 2. But i - 1, 





jk jk 
L=2 gives 5-0. Likewise for i = 2, [21;i21,4-23;i-3, £z1;i-2, €=3;1=3, (-2. 
jk 
Therefore, 
> Si 27: -2ó, (2) 
j,k 











c) 2.5; Eik = E123 €123 + £312 E312 + E321 E321 + E132 €132 + Ena Ena + 231 E231 
ijk 





=1-141-1+(-1)-(-1)+(-1)-(-1)+(-1)-(-1) € 1)-(1) 














or, 
De Eik Ej = 6 (3) 
ijk 

1-21. (A x B), = en ^B. (1) 
(A x B)-C= » Me Ei A;B,C; (2) 

i jk 

By an even permutation, we find 
ABC = 2,55 ABC, (3) 





1-22. To evaluate ` Eijk &,,, We consider the following cases: 
k 
a) i-j: x uc S. 6x Evme =O for all i,£,m 
k k 

b) i-/: 2,5; e 25g € m "lforjemandksi,j 
=0 forj#m 

c) i=m: See bie =) Ep £y, — 0 for j # 

k k 

--1forj-/andkzi,j 

d) j=2: 2,5; E : Eijk Emk = 9 form #1 


--]lform-iandkzi,j 
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e) j=m: Y Ep Eme = Er Eg =0 tori ae 
k k 
=1fori=landk=#i,j 
f) /-2m: Y n Sy 2755 E,,, =0 for all i,j,k 
k k 


g) i1#/ orm: This implies that i =k or i = j or m = k. 


Then, > ep Erm =O for all i, j,4,m 
k 
h) js/orm: D ep £,,, =9 for all i, j,4,m 
k 


Now, consider 6;, m — Ôm Ôp and examine it under the same conditions. If this quantity 


behaves in the same way as the sum above, we have verified the equation 
2 ep £y, = Ôi Oim y, Oi, 
k 


a) i=j: Oi Om — Om Ôn =O for all i,/,m 


b) i-4/:ó;60,-ó,ó;-lifjom,izj,m 
-0ifjem 
c) i=m: 6, 6;-6; 6, =—-lifj=0,i4],0 


-0ifjs/ 
d) j-24/:$0,0,-ó,ó,-7-lifi2m,izt 


=Oifizm 
e) j=m: Oi Onn — Om Ôm = lifi- 0, me t 
=Oifi#l 


f) ¢=m: 6, 6,,—6, 6, =0 for alli, j,£ 


g) i#¢,m: 6, 6,,—6,, 6, =0 for all i, j,4,m 


il “jm im jt 


h) jm: à, Öm- Ôm Oy =0 forall i, j,4,m 


il “jm im “il 


Therefore, 





Deg E imk = Op O uc O (1) 
k 








Using this result we can prove that 


Ax(BxC)=(A-C)B-(A-B)C 


16 


First (Bx C), = LA BC, . Then, 


ijk = j 


Therefore, 





CHAPTER 1 
[A x (Bx C)], DIL (BxC), 5È Eom An 2.5 BC j 
= 2, Emn Enjk A,B,C, = — 2, Emn € jkn A,,BiC, 
jkmn jkmn 
xx Elmn 2 A,B,C d 
jkm 
=> (6 jl Ôm = DUAE 
jkm 
( NS 
= -2 AB, Ce -2 A.B nC, = B, (È AnCn | = C, | 2, A.B .| 
=(A-C)B, - (A: B)C, 
A x(Bx C)=(A-C)B-(A-B)C (2) 


1-23. Write 


(A x B); 


(Cx D), 


Then, 


= Li jm A,B, 


2 Eps C 
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[(A x B) x(Cx DJ] ci D (X Ejim AB, X Eps CD, 


mi =y g Eijk € itm Ekrs A, B, CLA 


jkémrs 


Ejim (X Eijk suj, ,B,C r D, 


p mrs 


= Y ss (6, 5p 6, 5p) AJB,C,D, 


jémrs 


-Y s, (AB, C;D; - AB,DC;) 


mij Ti ci] 
jm 


= [X Ejim DAB, | C; - [X £ itm GAB, D, 


jm jn 
=(ABD)C, - (ABC)D, 


Therefore, 





[(A x B) «(Cx D)]= (ABD)C- (ABOD 








1-24. Expanding the triple vector product, we have 





ex (Axe) =A(e-e)—e(A-e) (1) 
But, 
A(e-e)=A (2) 
Thus, 
A=e(A-e)+ex(Axe) (3) 











e(A - e) is the component of A in the e direction, while e x (A x e) is the component of A 
perpendicular to e. 
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1 -25. 





The unit vectors in spherical coordinates are expressed in terms of rectangular coordinates by 
e,= (cos 0 cos ¢, cos O sin ¢, — sin 0) 
e,- (-sin $, cos $, 0) 
e, = (sin 0 cos ¢, sin O sin ¢, cos 0) 
Thus, 
é, = (-ġ cos Osin ¢— Üsin 6 cos ¢, ¢ cos 0 cos ó— Ò sin Osin ¢, — Ó cos o) 
=—ġe, + pcos 0e, 
Similarly, 
é, - (-ó cos d, - ġ sin ø, 0) 
— —$ cos Oe, - ósin Ge, 
è, = ósin Oe, + Ge, 
Now, let any position vector be x. Then, 
x=re, 
x=re, +rė, = r(gsin Ge, + des) tre, 
- rósin 0e, roe, +7e, 
x= (*ésin 0-- rüb cos 0+ ró sin je, t rósin ge, (10+ rd)e, t rüe, - le, 4 ie, 
= (2/ó sin 6+ 2rüj cos 0 ró sin je, + (i -rọ sin? 0- r& Je, 
+(270+ rÜ— r$! sin 0 cos de, 


or, 


(1) 


(2) 


(3) 
(4) 


(5) 


(6) 


(7) 
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š=a= |? -r& - ré sin? 0 e, + Zea —i¢ sin 8 cos ole, 





r dt (8) 
8 
1 d V NEA 
+ Wem 2 ó sin Àj 
1-26. When a particle moves along the curve 
r=k(1+cos 0) (1) 
we have 
+= —kOsin 0 
5 a (2) 
7 =—k| & cos 0+ Osin 0 
Now, the velocity vector in polar coordinates is [see Eq. (1.97)] 
v=te,+rde, (3) 
so that 
val PrO 
=k°@ sin? +k? (14 2 cos 0+ cos? 6) 6? 
- C2 2cos 6] (4) 


and v’ is, by hypothesis, constant. Therefore, 
2 
; v 
gal e 5 
2k? (1+ cos 6) ©) 


: v 
0 = —— 6 
2kr (6 


Using (1), we find 














Differentiating (5) and using the expression for 7 , we obtain 





4 Uv'sinÜ vsin (7) 
Ar? 4k? (1+ cos oy 
The acceleration vector is [see Eq. (1.98)] 
a -(?- r Je, - (rà 2ió]e, (8) 


so that 


20 


or, 


a-e, =7-10 


--k(B cos 0+ Ósin 6)- k(14 cos 0) 


In a similar way, we find 

















2 2.2 
=—k| & cos 4.9 9 €. | 1 4 cos gg? 
2(1+ cos 0) 
_ 2 
= -ků sode O U 
2(1+ cos 6) 
aas 
--3K (1+cos 0) 
a-e Beis 
i 4k 
3v sind 
a-e; =->— 
4 k 1+cos 0 


From (10) and (11), we have 


or, 


1-27. Since 


we have 


Thus, 


dt 


dt 








la|- (ae, )" +(a-e,) 


v [2 
4k \i1+cos@ 





lal 


rx(vxr)=(r-r)v-(r-v)r 


j [revo] =“ eren) v - (rv) 


- (r-r)a * 2(r-v)v - (r: v)v - (v: v)r - (r-a)r 


- ras (r.v)v - r(v? +r-a) 






[rx(vxx)] 2 a « (r-v)v - (r.a v?) 
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(9) 


(10) 


(11) 


(12) 


(13) 


(1) 


(2) 
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1-28. grad (In|r|) = LA (nlr), (1) 
; OX; 
where 
l= [Dox (2) 
Therefore, 
1 x 
xiu SS 
= 8) 
ir 
so that 
grad (In|r|) = p e) (4) 
or, 
grad (In|r|) = = (5) 





1-29. Let r^ =9 describe the surface S, and x+y+z* =1 describe the surface S,. The angle 0 
between S, and S, at the point (2,-2,1) is the angle between the normals to these surfaces at the 
point. The normal to S, is 


grad(S,) = grad(r? - 9) = grad (x? ty +z - 9) 


= (2xe, + 2ye, + 2ze;) 





x=2,Y=2,Z=1 (1) 
= 4e, — 4e, + 2e, 
In S,, the normal is: 


grad(S,) = grad(x+ yz -1) 


- (e, +e, + 2ze,) 





x=2,y=-2,z=1 (2) 
=e, +e, + 2e, 


Therefore, 
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grad(S, )- grad(S, ) 
lgrad (5, )| lgrad (S,)| 





cos 0 = 


7 (4e, - 4e, + 2e,)- (e, +e, + 2e.) 


























646 (3) 
or, 
cos 0 = zt (4) 
from which 
0- cos" V6 _ 27425 (5) 
9 
1-30. grad(óy) = Ye, -Je s S cres v 
= RS ot M “+e xt 
Thus, 
grad(¢y)=¢grad y+ v grad ¢ 
1-31. 
a) 
M a osa SPD 
grad 7" = ie E Ye, = (zs 
dei T 
"s x: 2-5 
Sa 
2 
zy 6x [EX 
i j 
2 2e; xn re» (1) 
Therefore, 








grad r" 2 nr"? r (2) 
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b) 
gud f()- Ye T0) y 010 
a l hig of (r) 
Pr Ec 
( es 3 
SEE] e 
-Jeti 
Therefore, 
grad f(r) 20 
c) 
2 @ lnr e ^ 
V (In r) 2 Y. ax? ph In| 2 
[s í E 
= zala 
E 8|? j 
~ ôx ( as 
241) 
EA 
x3) | 
( 3 5 ax, l 
-2(Cs)0x) 27) cM is 
-Xpoxyey f] 
xoa um 
or, 
V'(In r) - 
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(3) 


(4) 


(5) 


(6) 
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1-32. Note that the integrand is a perfect differential: 


Jar b bit ca (ror) e b (ii) 


Clearly, 





[(2ar -i+ 2bi- Y) dt ar? + bi? + const. 





1-33. Since 





we have 


from which 














where C is the integration constant (a vector). 


1-34. First, we note that 


d 


qUAxÁJE Ax A Ax À 


But the first term on the right-hand side vanishes. Thus, 
- d ; 
[(AxA)at- [4^ x A)dt 


so that 





J(AxA)dt=axA+c| 








where C is a constant vector. 


CHAPTER 1 


(1) 


(2) 


(1) 


(2) 


(3) 


(1) 


(2) 


(3) 
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1-35. 





We compute the volume of the intersection of the two cylinders by dividing the intersection 
volume into two parts. Part of the common volume is that of one of the cylinders, for example, 
the one along the y axis, between y = -a and y = a: 


V, = 2( za" Ja = 27° (1) 
The rest of the common volume is formed by 8 equal parts from the other cylinder (the one 
along the x-axis). One of these parts extends from x = 0 to x =a, y =0 to y2 Naà^ - x ,z=ato 
z=~a’ - x! . The complementary volume is then 
NE =x? ya? -x7 
dy [ dz 


0 


- 8 [dx Au ex | Va? =x -a| 


3 3 hi 
-sjos 5 sin! = 


4 jo 


V, =8 f dx Í 





= 2 a? —2n0° (2) 


Then, from (1) and (2): 
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1 -36. 





The form of the integral suggests the use of the divergence theorem. 
[, A-da=f V-A dv (1) 


Since V. A- 1, we only need to evaluate the total volume. Our cylinder has radius c and height 
d, and so the answer is 


[ae = acd (2) 


1 -37. 


x 
To do the integral directly, note that A = Rie, , on the surface, and that da = dae, . 
f, ^ da- J ,da=R° x Ax R? = AgRÜ (1) 
To use the divergence theorem, we need to calculate V -A . This is best done in spherical 
coordinates, where A = r?e, . Using Appendix F, we see that 


10 
V-A-I(nA)-5r (2) 


Therefore, 
[,V-Adv=[ "sin odo “dg | (br) dr =4aR° (3) 


Alternatively, one may simply set do = Az? dr in this case. 
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1 -38. 


z=1l-x-y¥ 





y 
rty=l 
By Stoke’s theorem, we have 


[,(VxA)-da=|_A-ds (1) 


The curve C that encloses our surface S is the unit circle that lies in the xy plane. Since the 

element of area on the surface da is chosen to be outward from the origin, the curve is directed 
counterclockwise, as required by the right-hand rule. Now change to polar coordinates, so that 
we have ds=d@e, and A =sin ĝi + cos 0k on the curve. Since eĝ-i=-sin 0 and eĝ-k=0, we 


have 


[, A-ds - |" (-sin? 0) do=-2 (2) 


1 -39. 


a) Let's denote A = (1,0,0); B = (0,2,0); C = (0,0,3). Then AB = (-1,2,0); AC =(-1,0,3); and 
AB x AC - (6,8,2). Any vector perpendicular to plane (ABC) must be parallel to AB x AC, so 
the unit vector perpendicular to plane (ABC) is n = (6/7,3/7,2/7) 





b) Let's denote D = (1,1,1) and H = (x,y,z) be the point on plane (ABC) closest to H. Then 
DH - (x -1,y -1,z - 1) is parallel to n given in a); this means 
x-1 6 x-1 


=—=2 and 2s 
y-1 3 z-1 2 








Further, AH - (x — 1, y, z) is perpendicular to n so one has 6(x - 1)-- 3y 4 2z - 0. 


Solving these 3 equations one finds 


H - (x,y,z) - (19/49,34/49,39/49) and |DH|- > 


1 -40. 
a) At the top of the hill, z is maximum; 
_ OZ Oz 


0=—=2y-6x-18 and O0=—=2x-8y+28 
Ox Oy 


28 CHAPTER 1 


so x = -2 ; y = 3, and the hill's height is max[z]= 72 m. Actually, this is the max value of z, 
because the given equation of z implies that, for each given value of x (or y), z describes an 
upside down parabola in term of y ( or x) variable. 


b) At point A: x -y- 1, z = 13. At this point, two of the tangent vectors to the surface of the 
hill are 


t - (0, )-(L0,-8) and 4,=(0,1,22| )=(0,1,22) 
X 


(1,1) (1,1) 
Evidently t, xt; =(8,—22,1) is perpendicular to the hill surface, and the angle 0 between this 
and Oz axis is 
(0,0,1).(8, 2,1) 1 


48422241 — 2343 


c) Suppose that in the a direction ( with respect to W-E axis), at point A = (1,1,13) the hill is 
steepest. Evidently, dy = (tan a )dx and 


dz = 2xdy + 2ydx — 6xdx — 8ydy — 18dx + 28dy = 22(tan a — 1)dx 


cos 0= 





so @= 87.55 degrees. 


then 


Jdx «dy  dxjcosa -1 


tan = = zz 
à dz 22(tan a—1)dx 222 cos (a+ 45) 





The hill is steepest when |tan | is minimum, and this happens when a = -45 degrees with 
respect to W-E axis. (note that a = 135 does not give a physical answer). 


1-41. 
A- B -2a(a- 1) 
then A-B=0 if only a=1 ora=0. 
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Newtonian Mechanics— 
Single Particle 


2-1. The basic equation is 


F-mj, (1) 
a) F(x,t)- f (x,)g(t) 2 m,X,: Not integrable (2) 
b) F(i,t)- f(x,)g(t) 2 mä; 
dx; . 
eo fF) (o) 
dž; Ep. 
"CN i dt : Integrable (3) 
c) Ping x) E Tias etx.) = mX; : Not integrable (4) 


2-2. Using spherical coordinates, we can write the force applied to the particle as 
F= Fe, + Ee, + Fe, (1) 
But since the particle is constrained to move on the surface of a sphere, there must exist a 
reaction force —F,e, that acts on the particle. Therefore, the total force acting on the particle is 
E,,-Fe,- Fe $7 mr (2) 
The position vector of the particle is 
r-Re, (3) 


where R is the radius of the sphere and is constant. The acceleration of the particle is 


29 
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We must now express ë, in terms of e,, e,, and e,. Because the unit vectors in rectangular 
coordinates, e,, e,, e,, do not change with time, it is convenient to make the calculation in 
terms of these quantities. Using Fig. F-3, Appendix F, we see that 


e, =e, sin 0cos ó e, sin 0 sin ó + e, cos 0 
e, =e, cos 0cos +e, cos Osin ó— e, sin 0 (5) 


e,--e, sin ø+ e, cos ó 





Then 
e, =e, (-dsin Asin $4 0 cos 0 cos $)-- e; (8 cos Osin $+ ósin 0 cos ¢)- e; 0sin Ó 
(6) 
-e, à sin 04 e, 0 
Similarly, 
è, - -e, O+e, pcos 0 (7) 
é, - -e, dsin 0—e, pcos 0 (8) 
And, further, 
ë, 2-e, (p sin? 0+ ) + e,(ö- ¢ sin 6 cos o) +e, (269 cos 0+ ó sin o) (9) 
which is the only second time derivative needed. 
The total force acting on the particle is 
Epa = MË = mRë, (10) 
and the components are 
F, = mR(8— & sin 0 cos o) 
(11) 
pe mR(26ó cos 0+ o sin o) 
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2-3. 





The equation of motion is 


F=ma 


The gravitational force is the only applied force; therefore, 
F.=mx =0 
5 =my = -mg | 
Integrating these equations and using the initial conditions, 
ž(t = 0) =v, cosa 
y(t20)2 v, sina | 
We find 
X(f) 2 vy cos e 
y(t) =v, sin a- gt | 
So the equations for x and y are 
x(t) 2 vt cos æ 
y(t) 2 vyt sina zr 
Suppose it takes a time f, to reach the point P. Then, 
L cos B = Vety cos a 
£ sin B= og, sin a--gh 
Eliminating / between these equations, 


1 ( 20,sina 2v 
5 Slo (^ ° += 
8 $8 





cos @ tan D =0 


from which 


31 


(1) 


(3) 


(5) 


(7) 
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lj 2" (sin a —cos a tan B) (8) 
s 











2-4. One of the balls’ height can be described by y = y, + vt — gt? /2. The amount of time it 
takes to rise and fall to its initial height is therefore given by 2v,/g . If the time it takes to cycle 
the ball through the juggler's hands is t= 0.9 s, then there must be 3 balls in the air during that 
time rz. A single ball must stay in the air for at least 37, so the condition is 2v,/g 237, or 


0,2132m.s'. 


2-5 n 
flightpath 


fe. 





mg 


point of maximum 
acceleration 


a) From the force diagram we have N -mg = (mv? / R) e, . The acceleration that the pilot feels is 


N/m=g+ (mv? /R) e,, which has a maximum magnitude at the bottom of the maneuver. 


b) If the acceleration felt by the pilot must be less than 9g, then we have 





v? (3:330m.s) 
>—= == 12.5 km (1) 
89g  8.98m.s 


A circle smaller than this will result in pilot blackout. 


2-6 " 


Let the origin of our coordinate system be at the tail end of the cattle (or the closest cow /bull). 


a) The bales are moving initially at the speed of the plane when dropped. Describe one of 
these bales by the parametric equations 


X = Xo + Vot (1) 
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= 
dE 
where y, = 80 m , and we need to solve for x,. From (2), the time the bale hits the ground is 
7 - J2y,/8 . If we want the bale to land at x(r) 2 230 m, then x, = x(r) - v, 7. Substituting 


0, = 44.4 m-s” and the other values, this gives x, = -210 m. The rancher should drop the bales 
210 m behind the cattle. 


Y= -38t (2) 


b) She could drop the bale earlier by any amount of time and not hit the cattle. If she were late 
by the amount of time it takes the bale (or the plane) to travel by 30 m in the x-direction, then 
she will strike cattle. This time is given by (30 m)/v, = 0.68 s . 


2-7. Air resistance is always anti-parallel to the velocity. The vector expression is: 


w-l c, PAV? HE NES c, PAL (1) 
2 v 2 


Including gravity and setting F,, = ra, we obtain the parametric equations 


x--bx|ibad? (2) 


= by «y -g (3) 
where b 2 c,pA/2m . Solving with a computer using the given values and p=1.3 kg. m^, we 
find that if the rancher drops the bale 210 m behind the cattle (the answer from the previous 
problem), then it takes = 4.44 s to land = 62.5 m behind the cattle. This means that the bale 
should be dropped at = 178 m behind the cattle to land 30 m behind. This solution is what is 


plotted in the figure. The time error she is allowed to make is the same as in the previous 
problem since it only depends on how fast the plane is moving. 




















80 - 
60 H - 
g 
= 40 H J 
20 - - 
0 i l ji i | | Il i | BS 
-200 -180 -160 -140 -120 -100 -80  -60  -40 


x(m) 


— ——- With air resistance 
— — No air resistance 
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2-8 " 








From problem 2-3 the equations for the coordinates are 


x — uyt cos a (1) 
y =v, sina - Tá (2) 

In order to calculate the time when a projective reaches the ground, we let y = 0 in (2): 
vt sin a — Ti =0 (3) 


E rs (4) 


Substituting (4) into (1) we find the relation between the range and the angle as 


2 
x= sin 2g (5) 


. . mT. 1 : f 
The range is maximum when 2g = 3! i.e., A= 4 For this value of a the coordinates become 


Ug 


2—Li 
MN: 
(6) 
Ug 2 
2—Lf--gpt 
x Ja 58 


Eliminating t between these equations yields 


2 2 
x! Dey De, Lg (7) 
8 8 


We can find the x-coordinate of the projectile when it is at the height h by putting y = h in (7): 


2 2 
v vh 
d. ig OU 


x =0 (8) 
& & 
This equation has two solutions: 
2 2 
X P vg —4gh 
2g 2g : 
Po (9) 
x, 2 —- 4 —- Jv, — Agh 


* 2g 2g 
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where x, corresponds to the point P and x, to Q in the diagram. Therefore, 


d=x, -x = Ju? — Agh (10) 
& 


2-9. 
a) Zero resisting force (F, =0 ): 
The equation of motion for the vertical motion is: 
F-ma-m-——--mg (1) 
Integration of (1) yields 
U — —gt- Uy (2) 
where v, is the initial velocity of the projectile and t = 0 is the initial time. 


The time f,, required for the projectile to reach its maximum height is obtained from (2). Since 
t,, corresponds to the point of zero velocity, 


v(t,) - 0v, - gt, 6) 
we obtain 
t= (4) 
$8 


b) Resisting force proportional to the velocity (F, =—kmv): 


The equation of motion for this case is: 


dv 
F-m——--mg-k 5 
m 2i mg —kmv (5) 
where -krnv is a downward force for t< t’, and is an upward force for t >t’. Integrating, we 
obtain 
g kote y 
t)=-2+— —— 6 
ol) - £978, (6) 
For t=t,,, v(t) = 0, then from (6), 
De n (e - 1) (7) 
which can be rewritten as 
kt, =In c n e (8) 
8 


Since, for small z (z « 1) the expansion 
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1 1 
In(14z)-z - az? +z" 9 
(14 z)2z 5% t37 (9) 


is valid, (8) can be expressed approximately as 


2 
, _% 1 kw, 1 ko, (10) 
" g 29 3| 2g U 


which gives the correct result, as in (4) for the limit k > 0. 











2-10. The differential equation we are asked to solve is Equation (2.22), which is X =—kx. 
Using the given values, the plots are shown in the figure. Of course, the reader will not be able 
to distinguish between the results shown here and the analytical results. The reader will have to 
take the word of the author that the graphs were obtained using numerical methods on a 


computer. The results obtained were at most within 10? of the analytical solution. 


ovst 
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2-11. The equation of motion is 


2 
mS = km? +mg (1) 


This equation can be solved exactly in the same way as in problem 2-12 and we find 
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1 — ko, 
seges | 1 Q) 


where the origin is taken to be the point at which v =v, so that the initial condition is 
x(v 2 vy) 20. Thus, the distance from the point v =v, to the point v — v, is 


1 — ko? 
s(u, Nae log SF (3) 
1 








2-12. The equation of motion for the upward motion is 


dx j 
m —---mko —m 1 
Using the relation 


d'x do dv dx _ do 
d? dt dxdt dx 





(2) 


we can rewrite (1) as 


v do 





ae 3 
kv’ +g px (3) 


Integrating (3), we find 


E log (ko? + g) =-x+C (4) 


where the constant C can be computed by using the initial condition that v =v, when x = 0: 





1 
C= zy. log (ko; + g) (5) 
Therefore, 
k 2 
potu, $078 (6) 
2k ko +g 


Now, the equation of downward motion is 


dx 3 
m —---mko +m 7 
dt? 8 v) 
This can be rewritten as 


d 
HE = dx (8) 
-ko^ + g 
Integrating (8) and using the initial condition that x = 0 at v = 0 (w take the highest point as the 
origin for the downward motion), we find 
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(9) 


At the highest point the velocity of the particle must be zero. So we find the highest point by 
substituting v = 0 in (6): 














k 2 
KS ES log Do *8 (10) 
2k g 
Then, substituting (10) into (9), 
k 2 
lg a Sone yee (11) 
2k g 2k g-ko 
Solving for v, 
v= (12) 
We can find the terminal velocity by putting x — œ in(9). This gives 
& 
ey Ts 13 
m= IF (13) 
Therefore, 
yen DE (14) 
[09 +o? 
2-13. The equation of motion of the particle is 
dv 
m — - —mk(v? - a^v 1 
apo omk(e ato) (1) 
Integrating, 
dv 
—— n =k | dt 2 
J o(v? +a") J e 
and using Eq. (E.3), Appendix E, we find 
1 v 
In --kt«C 3 
2a° E +0’ | e) 
Therefore, we have 
2 
npud (4) 
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where A 224^k and where C' is a new constant. We can evaluate C' by using the initial 
condition, v=v, at t = 0: 
2 
! Uo 
d CREE: 
a^ t0, 





(5) 
Substituting (5) into (4) and rearranging, we have 


rece” ^ dx 
v= 14—4At = (6) 
1- C'e dt 





Now, in order to integrate (6), we introduce u = e ^ so that du = —Au dt. Then, 
y2 1/2 
a° C'e“ a C'u du 
x= a AeA: dt = ENT 
1-C'e A 1-C'u u 








aC’ du (7) 
A V-C'w’ +u 
Using Eq. (E.8c), Appendix E, we find 
x =“ sin" (1-2C'u) +c" (8) 
Again, the constant C" can be evaluated by setting x = 0 at t = 0; ie., x =O atu = 1: 
a 
C" =-— sin“ (1- 2C' 9 
4 sin (1- 2C) (9) 
Therefore, we have 
x- Ape (-2C' e^ «1)- sin (-2C' +1) | 
Using (4) and (5), we can write 


15.4 -424]| , a| -03 +a? 
x =—| sin sin 10 
"E RE , opta n) 


From (6) we see that v > 0 as t > œ. Therefore, 








2,14? 
lim sin] S Js (11) 
v 2 


toa 2 + "E 


Also, for very large initial velocities, 





EN 
lim zl zm rf |- sin '(-1)=- (12) 


c 
Uj) +a 2 


Therefore, using (11) and (12) in (10), we have 
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x(E o) = (13) 


and the particle can never move a distance greater than 2/2ka for any initial velocity. 











2-1 4. 


ze = 
x 
a) The equations for the projectile are 


X =U, cos at 


; Y 2 
Y =V Sula 8 
Solving the first for t and substituting into the second gives 
1 x 
y=x tana-— Cae a 
2 vg COS’ «a 


Using x = d cos Jand y = d sin £ gives 


d? 2 
dsin f— dcos Btana 7. 999 P 
20, cos «a 
d 2 
02d doen P. -cos tana «sin f 
0 


Since the root d = 0 is not of interest, we have 


P 2(cos f tan a — sin 5) v; cos? a 


" g cos? f 





2v, cos a (sin æ cos fj — cos a sin £) 


E g cos? B 








1:25 cos a sin (a — ff) 


g cos? B () 
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b) Maximize d with respect to a 





d d)=0 20 | -sin a sin (a — £) + cos a cos (æ — p) | cos (2a — £) 


da ir ~ gcos? f 


cos (2a - B) 20 


22-f- 














c) Substitute (2) into (1) 











dmax 205 [cos (£7) sin(# ?) 

















- g cos? BL 

Using the identity 

sin A - sin B- 2cos (A+ B) sin 2 (A- B) 
we have 

QUE . 
y 125 Sing sinf qi 1-sin 
mx qcos f 2 g |1-sin? f 
0 0 
mx g(1+sin £) 
2-15. 






I, 
mg 





a 





The equation of motion along the plane is 


do 
—- in 9 kmv? 
m di mg sin "mo 


Rewriting this equation in the form 


do -di 


sin 0- vo? 


aje 
= [09 
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We know that the velocity of the particle continues to increase with time (i.e., dv/dt » 0), so that 

( g/ k) sin 0 » v^. Therefore, we must use Eq. (E.5a), Appendix E, to perform the integration. We 

find 

A ann? EPEC (3) 
& & 


m 0 108 0 


Lx s 


The initial condition v(t = 0) = 0 implies C = 0. Therefore, 


v= [5 sin @ tanh ( Jgksin à t) =% (4) 


We can integrate this equation to obtain the displacement x as a function of time: 


x= JŽ sin 0 | tanh( sk sin Ó t) dt 


Using Eq. (E.17a), Appendix E, we obtain 


In cosh (. [gk sin 0 t) d 
Jak sin 0 x 


The initial condition x(t = 0) = 0 implies C' = 0. Therefore, the relation between d and t is 


d= Zin cosh P [gk sin 0 t) (6) 


From this equation, we can easily find 


x= sin 0 





& 
n (5) 


cosh”! (e^) 
[2c—— (7) 
48k sin 8 


2-16. The only force which is applied to the article is the component of the gravitational force 
along the slope: mg sin a. So the acceleration is g sin a. Therefore the velocity and displacement 
along the slope for upward motion are described by: 


v — v, - (g sin a)t (1) 
xo - o (gsin a)t? (2) 


where the initial conditions v(t 20) 2 v, and x(t =0)=0 have been used. 

At the highest position the velocity becomes zero, so the time required to reach the highest 
position is, from (1), 

% 


to =—— 
gsina 


(3) 


At that time, the displacement is 
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2 
l v 


? 2 gsina 





(4) 


For downward motion, the velocity and the displacement are described by 


v =(g sin a)t (5) 
x2 (gsina)£ (6) 


where we take a new origin for x and t at the highest position so that the initial conditions are 
v(t = 0) = 0 and x(t = 0) = O. 


We find the time required to move from the highest position to the starting position by 
substituting (4) into (6): 





(7) 


Adding (3) and (7), we find 





fe 20, 








gsina 





for the total time required to return to the initial position. 


0, 
35° 
m 


2-1 7. 





H 
4 60m - 

0.7 Fence 

The setup for this problem is as follows: 


x 2 ost cos 0 (1) 
: 1 > 
Uan = a (2) 


where 0=35° and y, =0.7 m . The ball crosses the fence at a time t= R/(v, cos 6), where 
R = 60 m. It must be at least h = 2 m high, so we also need h- y, 2 vr sin 0— gr’ /2. Solving for 
7, , we obtain 
2 gR? 
% = : 
2 cos o| R sin 0— (h B Yo )cos 6| 





(3) 


which gives v, 2254 m.s". 
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2-18. 

a) The differential equation here is the same as that used in Problem 2-7. It must be solved for 
many different values of v, in order to find the minimum required to have the ball go over the 
fence. This can be a computer-intensive and time-consuming task, although if done correctly is 
easily tractable by a personal computer. This minimum v, is = 35.2 m.s ! , and the trajectory is 
shown in Figure (a). (We take the density of air as p=1.3 kg. m.) 
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b) The process here is the same as for part (a), but now we have v, fixed at the result just 
obtained, and the elevation angle 0 must be varied to give the ball a maximum height at the 
fence. The angle that does this is = 0.71 rad = 40.7, and the ball now clears the fence by 1.1 m. 
This trajectory is shown in Figure (b). 


20 





y (m) 














— — Flight Path 


fence height 
fence range 
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2-19. The projectile's motion is described by 


x= (v, cos a)t 


1 (1) 
y 7 (v, sin a)t-7 gt 


where v, is the initial velocity. The distance from the point of projection is 


r= jx xy (2) 


Since r must always increase with time, we must have 7 » 0: 


prr (3) 
r 
Using (1), we have 
xe+ yy = i gP- z g(v, sin a)£ «vit (4) 


Let us now find the value of t which yields xx + yy =0 (ie., 7-0): 


[2 USNS Oh asin? a8 (5) 
g g 


For small values of o, the second term in (5) is imaginary. That is, r = 0 is never attained and the 
value of t resulting from the condition 7 =0 is unphysical. 


Only for values of a greater than the value for which the radicand is zero does t become a 
physical time at which 7 does in fact vanish. Therefore, the maximum value of a that insures 
f »0 for all values of t is obtained from 


9 sin? a, -8-0 (6) 
or, 
SIN Qnax = 242 (7) 
3 
so that 


6 


2-20. If there were no retardation, the range of the projectile would be given by Eq. (2.54): 


v? 
R 2 —- sin 20, (1) 
8 


The angle of elevation is therefore obtained from 
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Rg 
rare 
0 


sin 20, = 


(1000 m) x (9.8 m/sec’) 





(140 m/sec)’ 
= 0.50 (2) 
so that 
9, =15° (3) 
Now, the real range R', in the linear approximation, is given by Eq. (2.55): 
R'=R í - rd 
3g 





o sin 2 Ako, si 
0, sin : Uo ane) (4) 


8 38 
Since we expect the real angle @to be not too different from the angle 9, calculated above, we 
can solve (4) for @by substituting 0, for Oin the correction term in the parentheses. Thus, 
R' 
ET 6) 
| 4kv, sin 6, | 
v| = 
38 


Next, we need the value of k. From Fig. 2-3(c) we find the value of km by measuring the slope of 
the curve in the vicinity of v = 140 m/sec. We find km zx (110 N)/(500 m/s) = 0.22 kg/s . The 


curve is that appropriate for a projectile of mass 1 kg, so the value of k is 

k = 0.022 sec” (6) 
Substituting the values of the various quantities into (5) we find 0 = 17.1? . Since this angle is 
somewhat greater than 0, , we should iterate our solution by using this new value for 6, in (5). 


We then find 0 — 17.4? . Further iteration does not substantially change the value, and so we 
conclude that 


sin 20 — 





0 — 17.4? 


If there were no retardation, a projectile fired at an angle of 17.4? with an initial velocity of 
140 m/sec would have a range of 


(140 m/sec)’ sin 34.8? 


Rz 
9.8 m/sec 





=1140m 
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2-21. 





Assume a coordinate system in which the projectile moves in the x, — x, plane. Then, 


X, = Vt cos a 


(1) 


x4 - vy sina -38j 
or, 
r = Xe, + Xe, 
- (vy cos a)e, + c sin a - : st’) e; (2) 
The linear momentum of the projectile is 
p=mt= m| (vo cos a)e; + (vo sin a — ste, | (3) 
and the angular momentum is 
L-rxp- [ (oot cos aje, + (a sin a — &t)e; | x m| (vo cos a)e; + (v, sin a — ste, | (4) 


Using the property of the unit vectors that e; x e; = e; £p, we find 


L- S(mg vt? cos a) e, (5) 
This gives 
L= -(mg vt cos a)e, (6) 
Now, the force acting on the projectile is 
F=-mge, (7) 


so that the torque is 
1 
N=rxF= E cos æ)e, + c sina-7 gt) es |(-ms) e; 


= -(mg Vot cos a) ei 


which is the same result as in (6). 
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2-22. 





Our force equation is 
F - q(E* v x B) (1) 


a) Note that when E - 0, the force is always perpendicular to the velocity. This is a centripetal 
acceleration and may be analyzed by elementary means. In this case we have also v | B so that 
|v x B2 vB. 


2 


ma n a qoB (2) 
r 


centripetal = 


Solving this for r 


mo v 
f =—=>— 
qB o, 
with o, = qB/m . 


b) Here we don't make any assumptions about the relative orientations of v and B, i.e. the 
velocity may have a component in the z direction upon entering the field region. Let 
r-xi- yj*zk, with v=r and a- r. Let us calculate first the v x B term. 





i j k 
vxB-|r y Zz|-B(ji-ij) (4) 
00 B 
The Lorentz equation (1) becomes 
F = mi = qBýi + q(E, - Bž)j+ qE.k (5) 
Rewriting this as component equations: 
5 B. ; 
=—_Y= 6 
tar (6) 
= = Z 
y = x+ 2 O, D B J (7) 
qE 





7 (8) 
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The z-component equation of motion (8) is easily integrable, with the constants of integration 
given by the initial conditions in the problem statement. 


E 
z(t) =z, tater (9) 


c) Weare asked to find expressions for x and y, which we will call v, and v, , respectively. 
Differentiate (6) once with respect to time, and substitute (7) for o, 


(.— Ej) 

ium tad y 

0,9490, S 0. Ga B) (10) 
or 


D + ov, =o? — (11) 
B 


This is an inhomogeneous differential equation that has both a homogeneous solution (the 
solution for the above equation with the right side set to zero) and a particular solution. The 
most general solution is the sum of both, which in this case is 


v, 2C, cos (œt) +C, sin (@,t) + E (12) 
where C, and C, are constants of integration. This result may be substituted into (7) to get ù, 

0,7 -Cyo, cos(o,t) - C,o, sin (ot) (13) 

v, - —C, sin (ot) - C, cos (@,t) +K (14) 


where K is yet another constant of integration. It is found upon substitution into (6), however, 
that we must have K = 0. To compute the time averages, note that both sine and cosine have an 
average of zero over one of their periods T 2 2z/o, . 


E 
Gu (9-0 (15) 
d) We get the parametric equations by simply integrating the velocity equations. 
Ci C, E, 
x-—-sin(ot)- — cos (@,t)+—t+D 16 
ct sin(nt)- cos (8) s t D, (6) 
y aCi ees (ot)+ sin (v,t) * D, (17) 
Qo, Qo, 


where, indeed, D, and D, are constants of integration. We may now evaluate all the C’s and 
D's using our initial conditions x(0) 2 - A/o, , x(0)=E,/B, y(0)=0, ¥(0)=A. This gives us 


C; =D, =D, -0, C, =A and gives the correct answer 





x(1)=Acos(o.t)+ tt (18) 


C 
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yt) = E sin (c.t) (19) 
O 


c 


These cases are shown in the figure as (i) A > E, /B, (ii) A< E, /B, and (iii) A =E, /B. 


(i) 
(ii) 
(iii) 
2-23. F(t) = ma(t) = kte” (1) 
with the initial conditions x(t) = v(f) = 0. We integrate to get the velocity. Showing this explicitly, 
v(t) O kot a 
M: (f) dt -— [ie at (2) 


Integrating this by parts and using our initial conditions, we obtain 














v(t) = E x : c 2 gp (3) 
mia av a 
By similarly integrating v(t), and using the integral (2) we can obtain x(t). 
TEA Ze be zje (4) 
To make our graphs, substitute the given values of m = 1 kg, k=1N-s',and a=0.5s". 
x(t) = te”? (5) 
v(t)=4-2(t+2)e"? (6) 


a(t) =-16 + 4t + A(t - 4)e ^? (7) 
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2-24. 
d = length of incline 
s = distance skier travels 
along level ground 
While on the plane: 


SF, =N -mg cos0 = mij =0 


so N = mg cos 0 
DF, =mg sin 0- F,; F, = uN = umg cos 0 


mg sin 0— umg cos 0 = mx 
So the acceleration down the plane is: 


a, = g(sin 0— ucos 0) = constant 
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While on level ground: N' 2 mg; F; = -umg 
So $F, = mx becomes -umg = mx 
The acceleration while on level ground is 
a, —-—Hg8 = constant 


For motion with constant acceleration, we can get the velocity and position by simple 
integration: 


X-a 
U-X-üt4u, (1) 
1 2 
ss es ie (2) 


Solving (1) for t and substituting into (2) gives: 





or 
2a(x-x))=07 -v 


Using this equation with the initial and final points being the top and bottom of the incline 
respectively, we get: 


2ad V; V, = speed at bottom of incline 
Using the same equation for motion along the ground: 
2a,s=-V; (3) 
Thus 
ad = —a,s a, = g(sin 0— ucos 0) A, =—Ug 
So 
gd(sin 0 — ucos 0) = ugs 
Solving for u gives 


7 d sin 0 
EU ITE 


Substituting 0 = 17°, d = 100 m, s = 70 m gives 











4 -0.18 





Substituting this value into (3): 
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2-25. 


a) AtA, the forces on the ball are: 


-2ugs = -V; 


V; =4/2ugs 


V, 215.6 m/sec 





mg 


The track counters the gravitational force and provides centripetal acceleration 


Get v by conservation of energy: 


So 


b) AtB the forces are: 


N -mg = mv’ /R 


E, =T, +U 


top top top = 0+ mgh 
1 2 

a a e mu +0 

Evy = E4 > 0=/2gh 


top 


N=mg+m2gh/R 





N=mg(1+24) 


455, 
mg 


N = mv? [R + mg cos 45° 


= mv?’ /R + mg / N2 


Get v by conservation of energy. From a), E,,, = mgh . 


At B, E= Smo" +megh' 
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R/V2 





Pod R [nes 9/2 


. 
N 
. 
SN 
45". 
` 


Ri 
i w 


R 1 
R=—~—+h' o w-n(1- 
2 g J2 


So Ept = Tg * Ug becomes: 


tota 


mgh = mgR(1 — =] + ; mo? 


Solving for v” 


Substituting into (1): 


c) Fromb) v; = 2¢[h-R+R/V2 | 


v= [2¢(n-R+R/V2)] 


d) This is a projectile motion problem 





Put the origin at A. 


The equations: 


become 
R vg 
M NUN 2 
"BUB (a 
yc «TEIL gt (3) 


Solve (3) for t when y = 0 (ball lands). 
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gt? - A2 ust - 2h! «0 
V2 v, £420 +8gh' 
2g 
We discard the negative root since it gives a negative time. Substituting into (2): 


R v, | V2 0, +4203 +8gh' 
x- + 
V2 V2 2g 








Using the previous expressions for v, and h' yields 


12 
x=(J2-1) ene i-e E 





e) U(x)=mgy(x), with y(0) - h, so U(x) has the shape of the track. 


2-26. Allofthe kinetic energy of the block goes into compressing the spring, so that 

mv^[2 — kx^ [2 , or x 2 o m/k = 2.3 m , where x is the maximum compression and the given 
values have been substituted. When there is a rough floor, it exerts a force umg in a direction 
that opposes the block’s velocity. It therefore does an amount of work 4,mgd in slowing the 
block down after traveling across the floor a distance d. After 2 m of floor, the block has energy 
mv’ [2 — u,mgd , which now goes into compressing the spring and still overcoming the friction 


on the floor, which is kx^/2  u,mgx . Use of the quadratic formula gives 








x= 


umg ( zs ^ mv? 2umed 
+ + (1) 
k k k k 


Upon substitution of the given values, the result is = 1.12 m. 


2-27. 


0.6 m 


To lift a small mass dm of rope onto the table, an amount of work dW = (dm) (zo — z) must be 
done on it, where z, = 0.6 m is the height of the table. The total amount of work that needs to be 
done is the integration over all the small segments of rope, giving 


W= f udag -2)= (1) 


When we substitute u =m/L = (0.4 kg)/(4 m), we obtain W =0.18 J. 
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2-28. 


m 
v 


v V3 
M 
before after 
collision collision 


The problem, as stated, is completely one-dimensional. We may therefore use the elementary 
result obtained from the use of our conservation theorems: energy (since the collision is elastic) 
and momentum. We can factor the momentum conservation equation 


TIU, + T0, — TUS + M0, (1) 


out of the energy conservation equation 


1 1 1 1 
5e + z202 = 5s + PUE (2) 
and get 
U, +U, =V, +0, (3) 


This is the “conservation” of relative velocities that motivates the definition of the coefficient of 
restitution. In this problem, we initially have the superball of mass M coming up from the 


ground with velocity v = J2gh , while the marble of mass m is falling at the same velocity. 
Conservation of momentum gives 


Mo + m(-v) = Mv, + mv, (4) 
and our result for elastic collisions in one dimension gives 
v +v, -(-0)* v, (5) 
solving for v, and v, and setting them equal to ,/2gh,,,,, , we obtain 
3-a f 
he. =h 6 
marble | 1-c | ( ) 
1-3a F 
T serat = E h (7) 


where a « m/M . Note that if æ « 1/3, the superball will bounce on the floor a second time after 
the collision. 
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2-29. 
0 = tan” 0.08 = 4.6? 
DF, =N -mg cos 8 
N = mg cos 0 
5 E -mg sin 0— F, 
=mx 
F; = uN = umg cos 0 
so 


mx = mg sin 0— umg cos 0 
X= g(sin 0 — ucos 0) 

Integrate with respect to time 

<= gt(sin 0- ucos 0) + x, (1) 
Integrate again: 

xag. High +5 gt (sin 0— ucos 6) (2) 

Now we calculate the time required for the driver to stop for a given x, (initial speed) by 
solving Eq. (1) for t with x=0. 

t= Z^ (sin 0— ucos 0)' 

8 
Substituting this time into Eq. (2) gives us the distance traveled before coming to a stop. 
(ute Jaa eng (sin 0- u cos 6) 
2 


Ax = E 0- cos 0) ' +g So (sin 0-ucos0) 
8 2^g 


i2 
0 


x env 
Ax XU cos 0 — sin 0) ! 
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We have 02 4.6*, u 20.45, 2 29.8 m/sec’. 
For x, 225 mph - 112 m/sec, Ax - 17.4 meters. 
If the driver had been going at 25 mph, he could only have skidded 17.4 meters. 











Therefore, he was speeding 





How fast was he going? 


Ax 230 meters gives x, 232.9 mph. 


2-30. T=t, +t, (1) 
where T = total time = 4.021 sec. 
t, = the time required for the balloon to reach the ground. 


t, = the additional time required for the sound of the splash to reach the first 
student. 


We can get t from the equation 


: 1 ; 
y-Wt- gs; W= =0 
When t =t,, y = -h; so (h = height of building) 
des eh or h= Pn 
2 g 


in distance sound travels h 





speed of sound ^ v 


Substituting into (1): 


T= Bee or no. 2h T-0 
8 Vv v NS 


This is a quadratic equation in the variable Vh . Using the quadratic formula, we get: 








E 2 «AT 

T + 3;T 

oN 7? v | 8 

h = = 1+,/1+ £S 

M 2 il r4 
v 


Substituting V =331 m/sec 
g 29.8 m/sec? 
T = 4.021 sec 


and taking the positive root because it is the physically acceptable one, we get: 
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Jh = 8.426 m? 








h = 71 meters 








2-31. For x, £0, example 2.10 proceeds as is until the equations following Eq. (2.78). 
Proceeding from there we have 





aB - xy #0 
aA=Z, 
so 
(x—x,)=~2 cos at +22 sin at 
a a 
(v - 9o) = Yot 
(2-2) =-22 cos at + sin at 
a a 
Note that 
3 x2 
(x-x) +(z-z) = 2 + En 


ua : — 20 Lyla 22 
Thus the projection of the motion onto the x-z plane is a circle of radius —(xi + z) u 
a 





So the motion is unchanged except for a change in the 


. . poss Mignon 
radius of the helix. The new radius is -g (i + a] il 
(Po 





2-32. 


The forces on the hanging mass are 


mg 
The equation of motion is (calling downward positive) 


mg-T=ma or T =m(g-a) 


The forces on the other mass are 
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The y equation of motion gives 

N -2mg cos 0 - mij «0 
Or 

N =2mg cos 0 
The x equation of motion gives (F, = uy, N -2u,mg cos 6) 

T —2mg sin 0-244, mg cos 0 — ma (2) 
Substituting from (1) into (2) 

mg —2mg sin 0 - 2u,mg cos 0 = 2ma 
When 0-6,,2 =0. So 

g—2g sin 0, - 21,2 cos & =0 


5 = sin d +H, cos Q, 


= sin @ + 4 (1- sin? 0)” 


Isolating the square root, squaring both sides and rearranging gives 
1 
(1+ 4i sin? 0, — sin 0; (1-4) =0 


Using the quadratic formula gives 





2-33. The differential equation to solve is 


je RP eee [Sa (1) 


v 
2m ©, 


where v, = J2mg /c,,pA is the terminal velocity. The initial conditions are y) = 100 m, and 
v — 0. The computer integrations for parts (a), (b), and (c) are shown in the figure. 
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t (s) t (s) t (s) 
d) Taking 5-13 kg: m^ as the density of air, the terminal velocities are 32.2, 8.0, and 11.0 (all 
m-s”) for the baseball, ping-pong ball, and raindrop, respectively. Both the ping-pong ball and 
the raindrop essentially reach their terminal velocities by the time they hit the ground. If we 
rewrite the mass as average density times volume, then we find that v, o NN . The 
differences in terminal velocities of the three objects can be explained in terms of their densities 
and sizes. 


e) Our differential equation shows that the effect of air resistance is an acceleration that is 
inversely proportional to the square of the terminal velocity. Since the baseball has a higher 
terminal velocity than the ping-pong ball, the magnitude of its deceleration is smaller for a 
given speed. If a person throws the two objects with the same initial velocity, the baseball goes 
farther because it has less drag. 


f) We have shown in part (d) that the terminal velocity of a raindrop of radius 0.004 m will be 
larger than for one with radius 0.002 m (9.0 m-s") by a factor of 42. 


2-34. 


l 


Take the y-axis to be positive downwards. The initial conditions are y= y=0 att =0. 


mg 
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a) F,-av 


The equation of motion is 





my =m— = mg — av 
m do = dt 
mg — av 


Integrating gives: £m In(mg Es av) =t+C 
a 
Evaluate C using the condition v = 0 at t = 0: 


m 
-z In(mg)=C 


m m 
So -z In(mg - av) +— In(mg)- t 





Take the exponential of both sides and solve for v: 


eam =f QU 
mg 
QU L1- e €!" 
mg 
v= 8 (1. e) (1) 
a 


Integrate again: 


y =Oatt=0,so: 





ja 2 apat ee | (2) 
a a 


Solve (3) for t and substitute into (4): 
= ao = e ^im (3) 
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a 











b) F, = fv" 
The equation of motion becomes: 


Te 
ie US Bo 


m dv 


———, = dt 
mg — Bor 


Integrate and apply the initial condition v = 0 at t = 0: 


do m 
Ing == fat 


B 





; x 1 aX 
From integral tables [ ; —;--tanh' =; so 
a-x a a 


Ti 22? se where a = Hes 
a a m \ B 


Fal 0502026 
a 





SO: 


v 
Uc. 


E tanh 


Solving for v: 
apt 
f 6) 


v =a tanh —— 


apt 


CUM a tanh —— 
dt m 


From integral tables [tanh u du = Ìn cosh u 


apt 


So y +C =% In cosh 
B m 
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Apply the conditions at y = 0 and t = 0 
C= In (cosh 0) - In 1=0 
B B 
So 
y= ™ In cosh es (6) 

P m 

Solving (5) for t: 
t= tanh? 2 

ap a 

Substituting into (6): 


y - In cosh tant! z 
p a 


Use the identity: tanh ! u = cosh“ 





, Where |u| <1. 


1 
V1-u? 
po’ 


: 0 igs . 
(In our case |u|<1 as it should be because — = ,|—— ; and the condition that |u| « 1 just says that 
a \ mg 


gravity is stronger than the retarding force, which it must be.) So 


\ 
: =" in (1 po [mg] 


Mg) s 


b- -55 ln (1- 6v fms) 





f. 
y= ain cosh or 
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2-35. 





y (km) 











35 








30 4 


20r 4 


Range (km) 


10r | 











l | l l 
o 0 0.00 0.04 0.06 0.08 


k (1/s) 


We are asked to solve Equations (2.41) and (2.42), for the values k = 0, 0.005, 0.01, 0.02, 0.04, and 
0.08 (all in s!), with initial speed v, 2 600 m-s™ and angle of elevation 0 — 60°. The first figure 
is produced by numerical solution of the differential equations, and agrees closely with Figure 
2-8. Figure 2-9 can be most closely reproduced by finding the range for our values of k, and 
plotting them vs. k. A smooth curve could be drawn, or more ranges could be calculated with 
more values of k to fill in the plot, but we chose here to just connect the points with straight 
lines. 
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2-36. 


iS 


Put the origin at the initial point. The equations for the x and y motion are then 


X= 0, (cos 0)t 
y = (sin 0) - 7 gf 
Call 7 the time when the projectile lands on the valley floor. The y equation then gives 
-h =v, (sin 0)r- 7 gr 
Using the quadratic formula, we may find 7 
_ sind | v, sin? 0+ 29h 


& 8 


(We take the positive since 7 > 0 .) Substituting rinto the x equation gives the range R as a 
function of à 


2 


R= cos Ó|sin 0-- Jsin? 8x] (1) 
8 


where we have defined x? = 2gh/v; . To maximize R for a given h and v, , we set dR/d0 =0 . The 


equation we obtain is 


cos? 0 — sin? 0—sin 0 sin? 0+ x? Nr (2) 
sin’ 0+x 


Although it can give x = x(0), the above equation cannot be solved to give 8 = (x) in terms of 
the elementary functions. The optimum @ for a given x is plotted in the figure, along with its 
respective range in units of v; /g . Note that x = 0, which among other things corresponds to 


h = 0, gives the familiar result 6 = 45? and R=v;/¢. 
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fap) 
E 
I 
= 
a 
0 l | | ] ] 
0 1 2 3 4 5 6 7 8 9 
x 
v=a/x do[dx = -af x’ 


2-37. 


. do dodx dv 
Since = = — v then 
dt dx dt dx 








"4 
Il 
3 
Il 
3 
S 
a 
x 
Il 
3 
r— —34 
x |Q 
o 
cl 
R, 
L— 3 














2-38. v(x) 2 ax 
a) F= DN LE B zi - m(ax "(-nax ^) 
dt dx dt dx 
F(x) = -mna? x 9"? 
dx 
b =—=ax" 
) (x) dt 
x"dx = adt 
Integrate: 
n+1 
=at+C C = 0 using given initial conditions 





n+1 
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68 


x"! 2 (n 1) at 


c) Substitute x(t) into F(x): 


2-39. 


a) F=-ae” 


7-0, att=0,s0 


Solving for v gives 


b) Solve for t when v = 0 


c) From a) we have 











x=[(n+ tat] 





F(t) - -mna Lor + Da S | 


2n+1) 








F(t) » -mna^ |(n pup re 








Ibl" ep 
B 
E e ^^ — C 
B 
lg —g P» ) =-—t 
P m 














t 
OBE gth =1 





t= no 


dx = Fin] e^ a 
P m 
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ax+b 
a 





ln(ax+b)-x we obtain 


[Erer i a| aP y emn | 
1| m , 
B apim 


Using | In(ax +b) dx= 


x+C= 





Evaluating C using x = 0 at t = 0 gives 


C= Vom e f^ 


ap 
So 


— _ 0o ,- br roa | e^ nem 
ap B off 


Substituting the time required to stop from b) gives the distance required to stop 


2p ^| Al 
=—|—-e Uy +— 
app B 

















2-40. 





Write the velocity as v(t) = v(t)T(t). It follows that 


dv ML dT 
t T+ =a,T+a,N 1 
a( )- dt dt [^ dt a a, ( ) 





where N is the unit vector in the direction of dT/dt . That N is normal to T follows from 
0 - d/dt (T T). Note also a, is positive definite. 


a) Wehave v- J3^« y^ = Aa 5—4 cos at . Computing from the above equation, 


do 2Aa’ sinat 
a, = " Qa sind (2) 


dt ./5-4cosat 


We can get a, from knowing a in addition to a,. Using a= /%?+ i^ = Aa’, we get 





2 cos at 1 
= Jg — g2 = Aq » |2 cos at -1| 
fn =y A 4/5—4 cos at A 


b) Graphing a, versus t shows that it has maxima at at 2 nz , where a, = Aa’. 
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2-41 n 


a) As measured on the train: 


T.=0; T, =} mo? 
2 


AT z mo? 
2 


b) As measured on the ground: 


T= + mu; T ns 
2 2 


1 








jar = mo? + MVU 





c) The woman does an amount of work equal to the kinetic energy gain of the ball as 
measured in her frame. 





Wa mo 
2 











d) The train does work in order to keep moving at a constant speed u. (If the train did no 


work, its speed after the woman threw the ball would be slightly less than u, and the speed of 


the ball relative to the ground would not be u + v.) The term mvu is the work that must be 
supplied by the train. 





W = mvu 











2-42. 





From the figure, we have h(0) — (R + b/2) cos 0+ RO sin 0, and the potential is U(0) = mgh(0). 


Now compute: 


a = ngl -5 sin 0+ RO cos J 
do 2 


2 
ee (a-2) cos 0 — R@sin 0 
de 2 


(1) 
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The equilibrium point (where dU/d0 — 0) that we wish to look at is clearly 0 = 0. At that point, 
we have d’U/d@’ = mg(R-b/2), which is stable for R > b/2 and unstable for R « b/2. We can 


use the results of Problem 2-46 to obtain stability for the case R = b/2, where we will find that 


the first non-trivial result is in fourth order and is negative. We therefore have an equilibrium at 
@= 0 which is stable for R>b/2 and unstable for R < b/2. 


2-43. F 2-kx + kx? o? 


4 
U(x) =—[F dx = ke? 2k 


To sketch U(x), we note that for small x, U(x) behaves like the parabola Pe . For large x, the 


x? 


non 
a 


behavior is determined by - k 

















E- jm + U(x) 


For E = E,, the motion is unbounded; the particle may be anywhere. 


For E=E, (at the maxima in U(x)) the particle is at a point of unstable equilibrium. It may 
remain at rest where it is, but if perturbed slightly, it will move away from the equilibrium. 


What is the value of E, ? We find the x values by setting c =0. 
x 





02 kx- kx? a? 
x 2 0, t a are the equilibrium points 
U(+a)= E, = : ka? : ka? = > ka? 
2 4 4 


For E = E,, the particle is either bounded and oscillates between —x, and x,; or the particle 
comes in from +o to +x, and returns to +o. 
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For E, =0, the particle is either at the stable equilibrium point x = 0, or beyond x =+x,. 


For E,, the particle comes in from +o to +x, and returns. 


T 0 T 
T 
mug mg 


From the figure, the forces acting on the masses give the equations of motion 


2-44. 


mX,-m,g—-T (1) 
m,X;-m»,g-—2T cos 0 (2) 


where x, is related to x, by the relation 


y= eme 8) 


and cos 0 = d/ | (b -x) /2 . At equilibrium, ¥;=x.=0 and T =m,g. This gives as the equilibrium 


values for the coordinates 


4m,d 
Xy -2b- SS = (4) 
4m, - m; 
md 
Xa = T 6) 
4m, — m; 


We recognize that our expression x, is identical to Equation (2.105), and has the same 
requirement that m,/m, <2 for the equilibrium to exist. When the system is in motion, the 
descriptive equations are obtained from the force laws: 


m, (b —x,) 


4x, (ž2- 8) (6) 


m (žı-g)= 


To examine stability, let us expand the coordinates about their equilibrium values and look at 
their behavior for small displacements. Let £ 2 x, — X and € =X, - x4. In the calculations, 
take terms in ģ and & , and their time derivatives, only up to first order. Equation (3) then 
becomes ¢, = —(m,/m,)¢,. When written in terms of these new coordinates, the equation of 
motion becomes 

gant ng" 
Amm, (m, * m,)d 





&- E (7) 
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which is the equation for simple harmonic motion. The equilibrium is therefore stable, when it 
exists. 


2-45. and 2-46. Expand the potential about the equilibrium point 
2 Tul ; 
U(x) = > —|— | x 1 
e) Xi | i " 
The leading term in the force is then 


rg - 2.1 | 





(2) 


du r 
dx n! 


x. 
(n+1) 
dx ^ 


The force is restoring for a stable point, so we need F(x » 0) «0 and F(x<0)>0. This is never 


true when 1 is even (e.g., U =kx?* ), and is only true for n odd when aruda). <0. 


2-47. Weare given U(x)=U, (a/ ANI a) for x » 0. Equilibrium points are defined by 
dU/dx — 0 , with stability determined by d^U/dx^ at those points. Here we have 

















du a 1 
— = U, | -— +- 1 
dx ij | AT : () 
which vanishes at x = a. Now evaluate 
du E | 
| dx? | a vi 
indicating that the equilibrium point is stable. 
25 
20 H 7 
~ 15h - 
Taol ! 
sL J 
"d 0.5 1 15 2 








x/a 
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2-48. Inthe equilibrium, the gravitational force and the eccentric force acting on each star 


must be equal 
Gm? mo ae mG EM zd J2ad?? 
@  d/2  WN24d v  4mG 


2-49. The distances from stars to the center of mass of the system are respectively 














dm dm 
$j-——— and n= : 
m, +m, m, +m, 
At equilibrium, like in previous problem, we have 
Gmm, mwv’? Gm; | 2n 2nd*” 








=— >0,= T= = 


=> 
d? r, d(m, + m.) v,  JG(m,+m,) 


The result will be the same if we consider the equilibrium of forces acting on 2nd star. 

















2-50. 
t 
ea ey E M ON: NN 
in Z| : Lf a ih v? 2 FP 
v v 9 m? + 
e c c Uit. 
2( Pe ) 


c 2 
> x(t) = J eat =F lyre += -m ] 


b) 











c) From a) we find 


Now if La =10, then 


Mo 
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C 
10/3 
99c 
104199 


when v =c/2, we have t = = 0.55 year 





when v = 99% c, we have t = — 6.67 years 


2-51 " 


og 








a) ue -bv > a. -fdt >ot) = 
v m 


dt btv, +m 


999m 


Uo 


Now let v(f) = v,/1000 , one finds t = = 138.7 hours. 

















t 
b) x(t)=fodt = Pu (Pm 
3 b m 


We use the value of t found in question a) to find the corresponding distance 


x(t)- Z In(1000) - 69 km 





2-52. 

du AU, x x? 
a) F(x)= = 0 (i ) 
) w dx a? a 
b) 








When F = 0, there is equilibrium; further when U has a local minimum (i.e. dF/dx « 0) itis 
stable, and when U has a local maximum (i.e. dF/dx » 0) it is unstable. 


75 


76 CHAPTER 2 


So one can see that in this problem x = a and x = -a are unstable equilibrium positions, and x = 0 
is a stable equilibrium position. 


c) Around the origin, F ~ E =-kx>@= E = [E 
ü m ma 


d) To escape to infinity from x = 0, the particle needs to get at least to the peak of the potential, 











2 
mu. a LES 
——— eel as =U, => Onin CAM ou 
2 m 


e) From energy conservation, we have 








mo La moan _ dx 2U, ( a 
+ = >—=0= 1-— 


2 a? 2 dt m a? 


We note that, in the ideal case, because the initial velocity is the escape velocity found in d), 
ideally x is always smaller or equal to a, then from the above expression, 


dx me ma^ mnt * albe en 
(ep E) TH 


t= a 
2U, «( 2 8U, a-x 
2 








{= 
a 


x 











2-53. 

F is a conservative force when there exists a non-singular potential function U(x) satisfying 

F(x) =-grad(U(x)). So if F is conservative, its components satisfy the following relations 
OF, OF, 

Oy Ox 





and so on. 
a) In this case all relations above are satisfied, so F is indeed a conservative force. 


2 
F "c cay eec U = cag -cr + f uz) (1) 
x 


x 


where f,(y,zZ) is a function of only y and z 


E, =-2 = az e bz => U cage - bye faz) (2) 
y 
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where f,(x,z) is a function of only x and z 


E == axy +by+c=>U=-ayzx-byz+ f uz) (3) 
z 


Z 


then from (1), (2), (3) we find that 





U =-axyz - byz - cx? x +C 


where C is a arbitrary constant. 
b) Using the same method we find that F in this case is a conservative force, and its potential 
is 
U --zexp(-x)- ylnz+ C 
c) Using the same method we find that F in this case is a conservative force, and its potential 
is ( using the result of problem 1-31b): 
U --alnr 


2-54. 


a) Terminal velocity means final steady velocity (here we assume that the potato reaches this 
velocity before the impact with the Earth) when the total force acting on the potato is zero. 


mg -kmo and consequently v=g/k=1000m/s. 











b) 
dL eroa | Pe Jes - a uae 
dt g+kv EF ko 
Xing = + In —8— = 679.7 m where v, is the initial velocity of the potato. 


U* ok Kk g+kv 


2-55. Let's denote v,) and v, the initial horizontal and vertical velocity of the pumpkin. 
Evidently, 0,9 =V, in this problem. 


Ug —U 
mnis -F,--mkv, Enc gsm a 
dt kv k 


x 











(1) 





where the suffix f always denote the final value. From the second equality of (1), we have 


dv, 


-dt = P Ee "n (2) 





U 


x 


Combining (1) and (2) we have 


e uer) (3) 
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Do the same thing with the y-component, and we have 


do do g &tkoy Vy -Vy 











d 
e be mg — mkv, > a, | 0-y, 


pui k 
g+ ko, 





dv, -t 
and -dt = zu => §tkvy - (8 * ko, Je 
y 


From (4) and (5) with a little manipulation, we obtain 


gkt, 
gt kvo 





—kt 
l-e ‘= 
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(4) 


(5) 


(6) 


(3) and (6) are 2 equations with 2 unknowns, t, and k. We can eliminate t, , and obtain an 


equation of single variable k. 


x, = ea (4 gri mnia) 


Putting x, =142 m and v,, = U = Do 


Si 


K= 0.00246 s^. 


= 38.2 m/s we can numerically solve for k and obtain 
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Oscillations 
3-1. 
1 fk 1 [105 dyne/cm 10 10 E 
a) Vo =, J— ==, .— FX 1 =F sec 
2z\m 2zN 10° gram 27 27 
or, 
a 
1 m 
Ty = — = — sec 
v 10 
or, 
To = 0.63 sec (2) 
1 2 1 4 2 
b) Esca po d x 3° dyne-cm 
so that 





E=45x10* erg (3) 


c) The maximum velocity is attained when the total energy of the oscillator is equal to the 
kinetic energy. Therefore, 


P" - 4.5 x 10* erg 


max 


[2 x 4.5 x 10* 
V = soeone 
max 100 
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or, 





Umax = 30 cm/sec (4) 


mi 











3-2. 


a) The statement that at a certain time t =t; the maximum amplitude has decreased to one- 
half the initial value means that 




















Xon E Aye P = ; Ay (1) 
or, 
e fh - (2) 
so that 
In2 0.69 
B= = (3) 
h Lh 
Sincet, =10 sec, 
[8-69 x10? sec] (4) 


b) According to Eq. (3.38), the angular frequency is 
o =o - f. (5) 


where, from Problem 3-1, @) =10 sec ! . Therefore, 





o= Jao? -(6.9x 102} 


3 (6) 
E 101 AC (6.9) x 10° sec! 


so that 





v = i (1- 2.40 x 10?) sec” (7) 











which can be written as 
v, = (1-6) (8) 
where 
5=2.40x10° (9) 
That is, v, is only slightly different from v,. 
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c) The decrement of the motion is defined to be e^" 





e^^ = 1.0445 











3-3. The initial kinetic energy (equal to the total energy) of the oscillator is = mo} , where 


m = 100 g and v, =1 cm/sec. 


where r, =1/v, . Then, 
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a) Maximum displacement is achieved when the total energy is equal to the potential energy. 


Therefore, 
1 1 
2 mo, = ; KX 
Mo my = W as t cm 
0 Vk N30! 10 
or, 
1 
X == cm 
10 





b) The maximum potential energy is 














U nax = 1 kk = 1,19: 10? 
2 2 
Or, 
U max = 50 ergs 
3-4. 


a) Time average: 
The position and velocity for a simple harmonic oscillator are given by 
x= Asin at 


X = @ A cos ot 


where o, = Jk/m 


The time average of the kinetic energy is 


t+T 


1 
T)=— | -my dt 
(T) 2b 


2. ; RT 
where c - — is the period of oscillation. 
0o 


(1) 


(2) 


(1) 
(2) 


(3) 
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By inserting (2) into (3), we obtain 
1 IFT 
(T) = A mA’ oy, f cos? œt dt (4) 


t 


or, 


mA’ ay, 
m- ©) 





In the same way, the time average of the potential energy is 


(U) = 


T 


ter 
1 fike dt 
Lu 


t+r 
= ny f sin? ot dt 
2T i 
E: 


; (6) 


and since ox = k/m , (6) reduces to 














(u)- 1 (7) 
From (5) and (7) we see that 
(T)=(U) (8) 
The result stated in (8) is reasonable to expect from the conservation of the total energy. 
E=T+u (9) 


This equality is valid instantaneously, as well as in the average. On the other hand, when T and 
U are expressed by (1) and (2), we notice that they are described by exactly the same function, 
displaced by a time 7/2: 

2 


mA’ a, 


T cos? Mot 





(10) 


mA’ ot 


U = sin? at 


Therefore, the time averages of T and U must be equal. Then, by taking time average of (9), we 
find 


(11) 


b) Space average: 


The space averages of the kinetic and potential energies are 
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and 





(13) is readily integrated to give 





ü- mox A? 
6 











To integrate (12), we notice that from (1) and (2) we can write 
X? = ax A’ cos? at = aA" (1- sin? at) 
= 02 (A? x2) 


Then, substituting (15) into (12), we find 








or, 








From the comparison of (14) and (17), we see that 











T=2U 





To see that this result is reasonable, we plot T = T(x) and U = U(x): 


Energy 
mA^ o 


U=U(x)— 
DN E = const. = imaa 








-A O A 


And the area between T(x) and the x-axis is just twice that between U(x) and the x-axis. 
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(12) 


(13) 


(14) 


(15) 


(16) 


(17) 


(18) 


(19) 
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3-5. Differentiating the equation of motion for a simple harmonic oscillator, 


x= Asin @t (1) 
we obtain 
Ax = AQ, COS ot At (2) 
But from (1) 
x 
in @t = — 3 
sin aot = (3) 
Therefore, 
cos at =4/1- (x AJ. (4) 
and substitution into (2) yields 
AS E (5) 


a, NA - x? 
Then, the fraction of a complete period that a simple harmonic oscillator spends within a small 
interval Ax at position x is given by 
At Ax Ax 


T TNA -xX 2z4A -x l 


Ath 








MONET A A A Ay 


This result implies that the harmonic oscillator spends most of its time near x = +A, which is 
obviously true. On the other hand, we obtain a singularity for At/7 at x = +A. This occurs 
because at these points x = 0, and (2) is not valid. 


3-6. 
Em] 


Suppose the coordinates of m, and m, are x, and x, and the length of the spring at 
equilibrium is / . Then the equations of motion for m, and m, are 


m,X, = -k(x, =x, +£) (1) 


m,X, =-k(x, —x, + 1) (2) 
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From (2), we have 


qs = (m, X, + kx, —ké) (3) 
Substituting this expression into (1), we find 
d? 
p | m,m,x, + (m, + m; )kx, | =0 (4) 
from which 
z= tM py 6) 
mm, 


Therefore, x, oscillates with the frequency 


@ = MoT Ma ki mh k (6) 
\ mm, 


We obtain the same result for x, . If we notice that the reduced mass of the system is defined as 





=> (7) 


o= f 6) 
Hu 


we can rewrite (6) as 














This means the system oscillates in the same way as a system consisting of a single mass yu. 


Inserting the given values, we obtain w= 66.7 g and ø = 2.74 rad s! . 


3-7. 





Let A be the cross-sectional area of the floating body, h, its height, h, the height of its 
submerged part; and let p and o, denote the mass densities of the body and the fluid, 
respectively. 


The volume of displaced fluid is therefore V = Ah,. The mass of the body is M = pAR,. 
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There are two forces acting on the body: that due to gravity (Mg), and that due to the fluid, 
pushing the body up (—~gV = -oygh,A ). 

The equilibrium situation occurs when the total force vanishes: 


0- Mg-pogV 


= pgAh, — pygh, A (1) 


which gives the relation between h, and h, : 
h, ch, = (2) 


For a small displacement about the equilibrium position (h, —> h, + x), (1) becomes 


MX = pAh,X = pgAh, - pyg(h, + x)A (3) 
Upon substitution of (1) into (3), we have 
PAN, X = —pygxA (4) 
or, 
X-g -P x20 (5) 
ph, 


Thus, the motion is oscillatory, with an angular frequency 


Po 8 _ 8A (6) 
pn, h V 


S 


a =g 


where use has been made of (2), and in the last step we have multiplied and divided by A. The 
period of the oscillations is, therefore, 





duci pompe. (7) 
o) gA 











Substituting the given values, 7 — 0.18 s. 


3-8 " 





n 


The force responsible for the motion of the pendulum bob is the component of the gravitational 
force on m that acts perpendicular to the straight portion of the suspension string. This 
component is seen, from the figure (a) below, to be 


F = ma = mò = -mg cosa (1) 
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where a is the angle between the vertical and the tangent to the cycloidal path at the position of 
m. The cosine of ais expressed in terms of the differentials shown in the figure (b) as 


dy 
IM. 2 
cos a (2) 


where 


ds =./dx? + dy? (3) 


a 
dy ds 
$5 


dx ~—— 





(b) 


The differentials, dx and dy, can be computed from the defining equations for x(¢) and y(¢) 
above: 


nid 


dy = —a sin à dó 
Therefore, 
ds? = dx? + dy? 
=q? la — cos ó) + sin? | dé? = 24? (1 — cos 9) df? 
= 4q? sin? 3 dg? (5) 
so that 
ds = 2a sin : dó (6) 
Thus, 
dy  -asinódó 





ds 94 sin £ dó 


—€—X Sees a (7) 


The velocity of the pendulum bob is 
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ds ó d$ 
z= — ES 2 — — 
v di asin 20 
= —4a dE cos d (8) 
dt 2 
from which 
: d’ $ 
ù = —4a JE cos d (9) 
Letting z = cos £ be the new variable, and substituting (7) and (9) into (1), we have 
—4maz = mgz (10) 
or, 
roe 
rp (11) 
which is the standard equation for simple harmonic motion, 
Z+@z=0 (12) 
If we identify 
a = Š (13) 





where we have used the fact that / 2 4a. 


Thus, the motion is exactly isochronous, independent of the amplitude of the oscillations. This 
fact was discovered by Christian Huygene (1673). 


3-9. The equation of motion for 0x t€ f, is 


mx = -k(x - xy) F2 -kx € (F - kx,) (1) 
while for t >t), the equation is 
m 2 -k(x - x)= -kx + kx, (2) 
It is convenient to define 
$—X-3X, 
which transforms (1) and (2) into 
mé=-kE+F; OK<t<t, (3) 


mé--ké£; t2t, (4) 
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The homogeneous solutions for both (3) and (4) are of familiar form (t) = Ae" + Be ""' , where 
œ= Jk/m . A particular solution for (3) is = F/k. Then the general solutions for (3) and (4) are 


E = i+ Aci" +Be™; Qxst«t, (5) 


é ce De. tzt (6) 


To determine the constants, we use the initial conditions: x(t=0) =x) and x(t = 0) = 0. Thus, 


&(t-0)-& (t-0)-0 (7) 


The conditions give two equations for A and B: 





0-2 ALB 
i (8) 
0-io(A- B) 
Then 
A=B=- L 
2k 
and, from (5), we have 
E =x-% = (1-008 of); 0xt&t, (9) 
Since for any physical motion, x and x must be continuous, the values of € (t =t) and 
& (t=t,) are the initial conditions for £ (f) which are needed to determine C and D: 
F iot -iot 
é, (t-&,) - c (17 cos ot) = Ce^^ + De ^ 
(10) 
p F ; : itg -ioto 
&(t-t)- t osin ot, - io| Ce ^ — De t^^ | 
The equations in (10) can be rewritten as: 
iot, -iot F 
Ce" + De"? = —(1- cos ot,) 
k 
l (11) 
Ce’ — peto = M sin of, 
k 
Then, by adding and subtracting one from the other, we obtain 
C= ES e ?^ (1 5 ge 
2k 
(12) 


Dmc-Qum (1 p ) 
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Substitution of (12) into (6) yields 


é, = xl — 1)e^' + (e^ = Qe 














= F io(t-tg) _ iot -ie(t-tg) _ ,-iot 
= ma e +e e ] 
E 
-xles c(t - t) - cos ot | (13) 
Thus, 
F 
X= ki = z[cos oX(t — t,) - cos ot |;t> ty (14) 
3-10. The amplitude of a damped oscillator is expressed by 
x(t)= Ae" cos(a@,t + 6) (1) 
Since the amplitude decreases to 1/e after n periods, we have 
paT = Bn M. 1 (2) 


QO, 


Substituting this relation into the equation connecting œ and o, (the frequency of undamped 


oscillations), o; = o» — ff , we have 


2 
1 
oj epe | "edes 3 
d i 2zn : Az^n? G) 
Therefore, 
-1/2 
Q, 1 
— =| 1+ —_—~— 4 
QD | Ann’ | (4) 
so that 
ut -z1- "EC 
Rr 2: 22. 
oA 8zn 


3-11. The total energy of a damped oscillator is 


E@= i mi(t) + ; k(t)? (1) 
where 
x(t)= Ae" cos(a@,t - ô) (2) 


x(t) = Ae" | -2 cos(ext - 6) — v sin(a,t-6) | (3) 
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k 
0,=(0,-8, d, P 
Substituting (2) and (3) into (1), we have 


Elt)e — [ (me + k)cos? (ct - 8) - mo sin? (œ t- 6) (4) 
+ 2mfo, sin(@,t — 5) cos(ct — ô) | 


Rewriting (4), we find the expression for E(t): 








E(t)= ma p Gi cos2(a,t-6)+ Boy -P sin2(a,t- 5) + oi | (5) 








Taking the derivative of (5), we find the expression for » : 





dE _ mA? 


473 e?" (2o — 46°) cos2(a,t- ô) 


- 4f? Jor -P sin2(o,t - à), - 2go | 


The above formulas for E and dE/dt reproduce the curves shown in Figure 3-7 of the text. To 


(6) 








find the average rate of energy loss for a lightly damped oscillator, let us take // « @, . This 
means that the oscillator has time to complete some number of periods before its amplitude 
decreases considerably, i.e. the term e?" does not change much in the time it takes to complete 
one period. The cosine and sine terms will average to nearly zero compared to the constant term 
in dE/dt , and we obtain in this limit 

dE 


—-—--—m 2 A29 2f 7 
di Box, (7) 


3-12. 





mg sin 0 
\ [MS 
The equation of motion is 
-ml Ö = mg sin 0 (1) 
b= =s sin 0 (2) 


If 0 is sufficiently small, we can approximate sin 0 = 0, and (2) becomes 
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à- B. 0 (3) 
which has the oscillatory solution 
A(t) =O cos aot (4) 
where o, = g/t and where 6, is the amplitude. If there is the retarding force 2m Jet 6, the 
equation of motion becomes 
-m(Ü = mg sin 0+ 2m [gt ò (5) 
or setting sin 0 = 0 and rewriting, we have 
04 20,04 10 - 0 (6) 
Comparing this equation with the standard equation for damped motion [Eq. (3.35)], 
¥+2Px+a5x=0 (7) 


we identify oy = f . This is just the case of critical damping, so the solution for 0(t) is [see 
Eq. (3.43)] 


o(t)=(A+ Bt)e ^ (8) 


For the initial conditions 0(0) = 8, and 0) = 0, we find 





(t) = (1+ ot) 


3-13. For the case of critical damping, 2 = «o . Therefore, the equation of motion becomes 
X-20x x0 (1) 
If we assume a solution of the form 
x(t) - y(t)e ^ Q) 


we have 


x= ye" — pye” 
(3) 
X= ye" -2ye ^ + p ye” 
Substituting (3) into (1), we find 
je” -2Bye + Pye” + 2Bye™ — 2B’ ye P + Bye” =0 (4) 
or, 
ue (5) 
Therefore, 


y(t) - A« Bt (6) 
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and 


x(t) - (A Bt)e 





which is just Eq. (3.43). 


3-14. For the case of overdamped oscillations, x(t) and x(t) are expressed by 
x(t) = ef | Ae" + Aye] 
ž(t)e” [-A( Ae" i +A) 4 (Ace " A,o,e*) | 


where o; - Jf — a . Hyperbolic functions are defined as 


y =y y p 
cosh y=, sinh y= £ > 





or, 
e” = cosh y * sinh y 
e” =cosh y - sinh y 

Using (4) to rewrite (1) and (2), we have 


x(t) = (cosh Bt — sinh BEL (A, + A,)cosh o,t + (A, — A; sinh ort | 





and 





x(t) = (cosh Bt — sinh Pt) (40, — A B)(cosh a, + sinh ct) 
- (A84 A,@,)(cosh @,t — sinh ot) 





3-15. We are asked to simply plot the following equations from Example 3.2: 
x(t) = Ae" cos(a,t — ô) 


u(t)=—Ae " | Bcos(at- 5) + a, sin(et — 5) | 


with the values A = 1 cm, @ 2 1rad.s !, 8=0.1s",and ó- z rad. The position goes through 
x = 0a total of 15 times before dropping to 0.01 of its initial amplitude. An exploded (or 
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(7) 


(1) 
(2) 


(3) 


(4) 


(5) 


(6) 


(1) 
(2) 


zoomed) view of figure (b), shown here as figure (B), is the best for determining this number, as 


is easily shown. 
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3-16. Ifthe damping resistance b is negative, the equation of motion is 


X-2Bk4oix-0 
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(1) 


where f/z -b/2m » 0 because b < 0. The general solution is just Eq. (3.40) with 2 changed to —£: 


x(t) =e" |^ exp( Ve - à; ) +A, exp[- J£ -0 2l 


(2) 


From this equation, we see that the motion is not bounded, irrespective of the relative values of 


2 2 
B and o. 


The three cases distinguished in Section 3.5 now become: 


a) If o; >’ , the motion consists of an oscillatory solution of frequency @ = Jo — f. , 


multiplied by an ever-increasing exponential: 


OSCILLATIONS 95 


x(t)=e" [ Are" + Aye ^] (3) 
b) If o; =’, the solution is 
x(t) 2 (A Bt)e" (4) 
which again is ever-increasing. 
c) If o « f£ , the solution is: 
x(t)=e” | Ae” + Ae ^" | (5) 


where 


o, - Jf. - ai x B (6) 


This solution also increases continuously with time. 


The tree cases describe motions in which the particle is either always moving away from its 
initial position, as in cases b) or c), or it is oscillating around its initial position, but with an 
amplitude that grows with the time, as in a). 


Because b « 0, the medium in which the particle moves continually gives energy to the particle 
and the motion grows without bound. 


3-17. Fora damped, driven oscillator, the equation of motion is 
ï =2ßx + ox = A cos ot (1) 
and the average kinetic energy is expressed as 
mA? a 
(T)= 4 2 2? 2 92 
(ox -0 ) + 40° p 





(2) 
Let the frequency n octaves above o, be labeled œ, and let the frequency n octaves below o, 
be labeled o,; that is 
@, —2" a 
(3) 
@,=2" 0, 


The average kinetic energy for each case is 





mA* 27^ 0j 
D R 4 2 n 2 4p?" gg (4) 
(o ax) +(4)2" a8 
mnt 2-2" 2 
qo FEET 0 (5) 


(od -27 e$) - (4)2?" oi 


Multiplying the numerator and denominator of (5) by 2^", we have 
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mA? 2D. 


4 (R-k) «(42 off 





(age 
Hence, we find 
Da cw (6) 
and the proposition is proven. 
3-18. Since we are near resonance and there is only light damping, we have 9 = @, =@, 


where ois the driving frequency. This gives Q = @,/2. To obtain the total energy, we use the 
solution to the driven oscillator, neglecting the transients: 


x(t) =D cos(ot - à) (1) 
We then have 
Es ; mx? + ; kiaz nD o? sin’ (@t-8)+ ox cos’ (ot — ô) | = ; mo, D? (2) 
The energy lost over one period is 
f (amps) (dt) = 22mapD? (3) 


where T = 2z/o . Since o = @ , we have 


E 0 Q (4) 


energy lost over one period 478 2z 





which proves the assertion. 


3-19. The amplitude of a damped oscillator is [Eq. (3.59)] 
D= eR (1) 
[lo - o) +407 ff 


At the resonance frequency, o = 9, = Jo — f^ , D becomes 





(2) 


D.- A 
© 2B fo; 
1 
Let us find the frequency, @= o', at which the amplitude is 4 Ds 
1 1 A A 


o vo -—-——— c — (3) 
v2 V2 25 Ja, -p Jod -eny +40” ff 





Solving this equation for o', we find 
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2 2 
o”? = o - 2ff. x 2f, i - E| 
€ 


0 
For a lightly damped oscillator, 7 is small and the terms in £’ can be neglected. Therefore, 
o" = oe X2ffa, 


or, 


Q' =) i X £ 
which gives 
Ao=(@,+8)-(@-8)=28 
We also can approximate o, for a lightly damped oscillator: 


EN Ae Bias 
Op — 40, - 28 = 0 


Therefore, Q for a lightly damped oscillator becomes 

















a P0 nx Mo 
ES 2B Ao 
3-20. From Eq. (3.66), 
xe e sin(ot— à) 


(ox - oj +40’ ff 
Therfore, the absolute value of the velocity amplitude v is given by 


Ao 
Jat E aj t4o! ff 


The value of o for v, a maximum, which is labeled o, , is obtained from 








U = 


OV, 


Zro =0 
oo 


0-0, 





and the value is @, = e. 
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(4) 


(5) 


(6) 


(7) 


(8) 


(9) 


(1) 


(2) 


(3) 


Since the Q of the oscillator is equal to 6, we can use Eqs. (3.63) and (3.64) to express f in terms 


of 0: 


2 
2 OH 
k 146 


(4) 


We need to find two frequencies, @, and o, , for which v, =V ax / 2 , where v,,, 2o, (0 2 e). 


We find 
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U A Ao 
max .. (5) 


4B 208 fo TT. 


Substituting for fin terms of @, from (4), and by squaring and rearranging terms in (5), we 
obtain 











2 
(o A 73 (or ax) -0 (6) 
from which 
2 
o 0, - ^73 0,509 = E7 04509 (7) 
Solving for @,, o, we obtain 
oO 
EE (8) 


It is sufficient for our purposes to consider @,, @, positive: then 


to) a, 
o = Fy to: o, =F y (9) 

so that 
AO — 0 — 0, - (10) 


A graph of o, vs. o for Q = 6 is shown. 





3-21. We want to plot Equation (3.43), and its derivative: 
x(t) 2 (A4 Bt)e ^ (1) 
v(t) -[B- B(A+ Bt)]e ^ (2) 
where A and B can be found in terms of the initial conditions 
A=Xy (3) 
B =v + BXxo (4) 
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The initial conditions used to produce figure (a) were (x),0))=(-2,4), (1.4), (4-1), (1.4), 
(71,4) , and (-4,0), where we take all x to be in cm, all v in cm.s ! , and 21s. Figure (b) isa 
magnified view of figure (a). The dashed line is the path that all paths go to asymptotically as 

t — œ. This can be found by taking the limits. 


lim v(t) = -Bte ”" (5) 


lim x(t) = Bte” (6) 


to 


so that in this limit, v = —/Xx, as required. 


(a) i 





v (cm/s) 
© 




















(b) 


v (cm/s) 














3-22. For overdamped motion, the position is given by Equation (3.44) 
x(t)=A,e +A, 0A (1) 
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The time derivative of the above equation is, of course, the velocity: 


v(t) - -AJfe ^ — A fe P (2) 

a) Att=0: 
Xo =A, t A; (3) 
v — —A, — Aj, (4) 


The initial conditions x, and v, can now be used to solve for the integration constants A, and 
A,. 

b) When A, =0, we have v, - -/,x, and v(t) - —£,x(t) quite easily. For A, #0, however, we 
have v(t) 2 -f, A,e ^' 2 Bx ast > since fj <f. 


3-23. Firstly, we note that all the ô= zsolutions are just the negative of the ô= 0 solutions. 
The ô= z/2 solutions don't make it all the way up to the initial “amplitude,” A, due to the 
retarding force. Higher J means more damping, as one might expect. When damping is high, 
less oscillation is observable. In particular, ff 20.9 would be much better for a kitchen door 
than a smaller £, e.g. the door closing (ô= 0), or the closed door being bumped by someone who 
then changes his/her mind and does not go through the door (ô= z/2). 
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3-24. As requested, we use Equations (3.40), (3.57), and (3.60) with the given values to 
evaluate the complementary and particular solutions to the driven oscillator. The amplitude of 
the complementary function is constant as we vary o, but the amplitude of the particular 
solution becomes larger as œ goes through the resonance near 0.96 rad -s™, and decreases as @ 
is increased further. The plot closest to resonance here has @/@, = 1.1, which shows the least 
distortion due to transients. These figures are shown in figure (a). In figure (b), the @/@, = 6 


plot from figure (a) is reproduced along with a new plot with A, 2 20 m- g^. 
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0/0, = 1/9 0/0, 2 1/3 0/0, -1.1 
T T 1 
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3-25. This problem is nearly identical to the previous problem, with the exception that now 
Equation (3.43) is used instead of (3.40) as the complementary solution. The distortion due to 
the transient increases as œ increases, mostly because the complementary solution has a fixed 
amplitude whereas the amplitude due to the particular solution only decreases as @ increases. 
The latter fact is because there is no resonance in this case. 
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0/0, 2 1/9 0/0, 2 1/3 
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Legend: — — xc ------ xp 


3-26. The equations of motion of this system are 


m,X, 2 —kx, -b (x, — X) - F cos at 


.. . . . (1) 
M,X, = —bx, — (X T 4) 
The electrical analog of this system can be constructed if we substitute in (1) the following 
equivalent quantities: 
1 
m > L; boi b>R; x>q 
m,>L,; Foe; b>R, 
Then the equations of the equivalent electrical circuit are given by 
x "n 1 
Lj, +R (4, -d,)* c^ = &y cos ot 
(2) 


Ljj, + Rd; + R, (ds = in) =0 


Using the mathematical device of writing exp(iat) instead of cos ot in (2), with the 
understanding that in the results only the real part is to be considered, and differentiating with 
respect to time, we have 
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B T . 
Li, + R (I - 1;)« a - ig, e"! 


L,I, +R, (I) R (i, -1,) 20 


Then, the equivalent electrical circuit is as shown in the figure: 


L, 





| 05 ] nO sr 
€E COS (D 
: lc ) SR, p L, 








AEE 2 


The impedance of the system Z is 
: 1 
Z=1oL, -i—~+Z, 
aC 


where Z, is given by 


1 1 
R, R +iol, 


1 

Z 

Then, 

R | R, (R; +R,)+ œL, + ioLjR, | 
(R, +R Y +È 





= 


and substituting (6) into (4), we obtain 





Z= 


R [R, (R, +R,)+ oL, | +1| Ral, + (ot, Pe ij (R; +R, y + en) 





(R,+R,) +È 





3-27. From Eq. (3.89), 
F(t)= : à, + Y (a, cos not +b, sin not) 
n=1 

We write 

1 oo 

F(t)- j^* Xc, cos (not - ¢,) 
n=1 

which can also be written using trigonometric relations as 


F(t) = i a) + Xc, cos not cos ¢, +sin not sin d, | 
n=1 


Comparing (3) with (2), we notice that if there exists a set of coefficients c, such that 
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(3) 


(4) 


(6) 


(7) 


(3) 
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C, COS 0, — d, 


(4) 
c, sin g, =b, 
then (2) is equivalent to (1). In fact, from (4), 
co =a, +b 
(5) 
tan ¢, = b. 
a, 


with a, and b, as given by Eqs. (3.91). 


3-28. Since F(t) is an odd function, F(-t) = —F(t), according to Eq. (3.91) all the coefficients a, 
vanish identically, and the b, are given by 


b, =" [^ F(t) sin not dt 
LES 


e| p. =. 
=— -Í „sinnar de [esi nor di 
m E^ i 


[ 0 m 

o1 1 oe 

-—||——cos not' +| -— cos nat’ |? 
z| Uno _# no 


e 





= ET (cos 0 — cos nz) 
na 


IR for n odd 
=|" (1) 
0 for n even 
Thus, 
4 
Dent) = (2n 3: 1) 
T |n=0,1,2,... (2) 
Dion) = 0 
Then, we have 
Fi) uberi Gin bls —=ain ote, (3) 
c 32 52 
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3-29. In order to Fourier analyze a function of arbitrary period, say 7 - 2P/o instead of 
22/@, proportional change of scale is necessary. Analytically, such a change of scale can be 


represented by the substitution 
mt Px 
x=— or t=— 
P 1 


for when t = 0, then x = 0, and when t= 7 - 2P/o , then x =2z/a. 


(1) 


Thus, when the substitution t = Px/z is made in a function F(t) of period 2P/o' , we obtain the 
function 


Px 
pa - f(x) (2) 
c 
and this, as a function of x, has a period of 2z/o . Now, f(x) can, of course, be expanded 
according to the standard formula, Eq. (3.91): 
f(x)= ay + X (a, cos nox + b, sin nox) (3) 
n=1 


where 
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2m 
eo P É , , 
à, x f (x') cos nox' dx 
; (4) 
hos Rf f(x) sin nox' dx' 
mT 0 
If, in the above expressions, we make the inverse substitutions 
t 
x=% and drx=2dt (5) 
P P 


the expansion becomes 


[s] 5] rot [e tee 


and the coefficients in (4) become 


o 2 nozt' 
iy J,” F(t) os] P |e 








| +b, sin [zm || (6) 











(P 
" (7) 
= t 
b, - ° F(t)sin| "7 |e 
pco P 
For the case corresponding to this problem, the period of F(t) is Em , SO that P = 27. Then, 
w 
substituting into (7) and replacing the integral limits 0 and 7 by the limits ~= and do ,we 
obtain 
22 t 
a, = ee 3 F(t") cos E | dt 
2x irs 2 
(8) 


oO not' 


2x 
p, =f F E)sin| z dt' 





| Crn 


and substituting into (6), the expansion for F(t) is 


F(t)= a + Ža, cos E t b, sin [t] (9) 


Substituting F(t) into (8) yields 


2m 
Ot. ] 
a, - — | ^ sin ot COS 
2m0 





2 


t 
no |e 


(10) 





Ag 

= not' 

jos ^ sin of’ sin | —— | de! 
27°09 2 


Evaluation of the integrals gives 
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and the resulting Fourier expansion is 
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1 
b,==;b,=0  fornz2 
2 
0 n even (11) 
a, =a,=0 a (n22)= 2 
0o74 ( ) z dodd 
a(n -4) 
1 4 t 3ot 5ot 
F(t)=—sin ot — cos D ut n ope uar (12) 
2 3m 5a 2 21x 2 45r 





3-30. The output of a full-wave rectifier is a periodic function F(t) of the form 


-sin ot; seq 
@ 
F(t)= 
sin ot; bie 
@ 


The coefficients in the Fourier representation are given by 





[ (7 sin ot')cos not' dt' + f sch ot' cos not' dt 
LN 0 


e 


f i (-sin ot')sin not' dt' + Í Fein ot' sin not' dt 
s 0 


Performing the integrations, we obtain 


The expansion for F(t) is 


The exact function and the sum of the first three terms of (4) are shown below. 


—_— ; ifn even (or 0) 
d z(1- 1) 
0; if n odd 
b,-0  foralln 


Hom oic = Sendak 
x 32 157 





l 


| 


(1) 


(2) 


(3) 


(4) 
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Sum of first 
three terms j 
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3-31. We can rewrite the forcing function so that it consists of two forcing functions for t > r: 








0 t«0 
Fo. a(t/r) O<t<r 
| a(t/t)- l- 2 tor 


During the interval 0 < t < z, the differential equation which describes the motion is 


- . at 
X+2Bi+ aix 2— 
m 


The particular solution is x, = Ct + D , and substituting this into (2), we find 


2BC + ex Ct +a 5D = us 
7 


from which 


2C +0D=0 
Cot =" =0 
T 


Therefore, we have 


which gives 





Thus, the general solution for 0 « t « v is 


x(t) = e"'[A cos œt + B sin ot |+ Ea t- 
(a) 


0 


and then, 


(2) 


(6) 


(7) 
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ü 











i(t) =-Be " [ A cos œt + B sin œt |+ oe " [-A sin œt + B cos œt H — (8) 
OT 
The initial conditions, x(0) = 0, x(0) 20, implies 
m: 
QT 
i (9) 
Bot E S | 
OT) Oy 
Therefore, the response function is 
2 A 2p 2 
x(t) un e” cos œt + x pa [sn ocu 2t (10) 
OT Oy €, | o ON 
t— 
For the forcing function Resi) in (1), we have a response similar to (10). Thus, we add these 
T 


two equations to obtain the total response function: 








oir al e, | o (11) 


x [sin o,t+-e" sin a, (t— 7)| + r] 











When t> 0, we can approximate e^ as 1 + £r, and also sin @T=@T, cos 9,7 x1. Then, 





-2t 2 
0— 2 e | cos ot — (1 Br)(cos ot + vc sin ot) Nu: 2E- T 


70 2 
ON T [2 06A 


x [ sin ot — (1^ Br)(sin œt- «7 cos at) | + r] 


2 3 
- sh -e” cos at - e ?' x xu + = sin os] (12) 
0 Cp QQ, 0409 


If we use o; = 0, — p’, the coefficient of e% sin œt becomes //c, . Therefore, 





B 


1-e"' cos a,t - e ?' “sin at 
0, 


x(t) — >» (13) 


Op 











This is just the response for a step function. 


3-32. 
a) Response to a Step Function: 


From Eq. (3.100) H (to) is defined as 
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0, «tf; 


H &d- (1) 


A, E», 


With initial conditions x(t, =0) and x(t, 20), the general solution to Eq. (3.102) (equation of 
motion of a damped linear oscillator) is given by Eq. (3.105): 


fe A) 





xe e 79) cos c (t -1,)- sin c (t — t) for t » t, 
0 


E (2) 
x(t)=0 for t « t 

where o, 2 Joy - ff. . 

For the case of overdamping, œ? < $°, and consequently œ, = iJ? - @ isa pure imaginary 


number. Hence, cos o; (t-t) and sin œ (t-t) are no longer oscillatory functions; instead, 


they are transformed into hyperbolic functions. Thus, if we write o, 2 J^ -œf (where o, is 
real), 


cos o (t — ty) = cos iv, (t - tj) = cosh o, (t — ty) 




















sin c, (t — tj) 2 sin io, (t — tj) 2 i sinh c, (t —t,) dá 
The response is given by [see Eq. (3.105)] 
x(t)= sh- eA») cosh œ (t-t)- pe sinh o, (t - t) for t» f 
o 2 (4) 
x(t)=0 for t< to 
For simplicity, we choose t, =0, and the solution becomes 
x(t)= zO - e *' cosh @,t- x sinh t| (5) 
This response is shown in (a) below for the case p = V5 Q- 
b) Response to an Impulse Function (in the limit c 0): 
From Eq. (3.101) the impulse function I (torti) is defined as 
0 t<t 
Ihe a b<t<t (6) 
0 ES 


For t-t, =T—0 in such a way that ar is constant = b, the response function is given by 
Eq. (3.110): 
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x(t)- — eA») sino (t-t) for t >t, (7) 
1 


Again taking the “spike” to be at t = 0 for simplicity, we have 


x(t)= LT œ (t) fort>0 (8) 
E 


For @, 2 io, =i’ — c (overdamped oscillator), the solution is 


x(t)= + e sinh a,t; t»0 (9) 


0, 





This response is shown in (b) below for the case 2 = V5 O. 


(a) 1 T 





2 
0 


w, 


x/| H(0)/ 











ot 














(b) 1 T 
S 
= 05r 4 
0 l l l l l l l | l 





Ot 


3-33. 


a) In order to find the maximum amplitude of the response function shown in Fig. 3-22, we 
look for t, such that |x(t)| given by Eq. (3.105) is maximum; that is, 


alle ol) 


at a () 





From Eq. (3.106) we have 


alle) HO) -p 
ôt o 
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For 2020, 9, 2 Je, -P =0.98a, . Evidently, f, = z/@, makes (2) vanish. (This is the 
absolute maximum, as can be seen from Fig. 3-22.) 


Then, substituting into Eq. (3.105), the maximum amplitude is given by 


-2a 
artise "| 6) 
0 





or, 





a 
x(t, )=1.53 — 
(4) =153-4 


(4) 











b) Inthe same way we find the maximum amplitude of the response function shown in Fig. 
3-24 by using x(t) given in Eq. (3.110); then, 








O|ix(t 
e(t) = pe 9)! cos o» (t -t,) - D. sin œ (tty) (5) 
ot QO, isi 
If (5) is to vanish, t, is given by 
t-t = 2 da E zd ga (4.9) = ua (6) 
a, Bj e €, 


Substituting (6) into Eq. (3.110), we obtain (for /- 0.20) 











b 21.37 i 
(OL, =r) ggg e^ ^ sin (1.37) (7) 
5 0 
or, 
x(t) «0.76 & (8) 
® 


3-34. The response function of an undamped (7 = 0) linear oscillator for an impulse function 


1(0,7), with r= oe can be obtained from Eqs. (3.105) and (3.108) if we make the following 
Cp 
substitutions: 


B=0; @, = 09 


2s (1) 


Og 


t, =0; i=t 


(For convenience we have assumed that the impulse forcing function is applied at t = 0.) 


Hence, after substituting we have 
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x(t)=0 t<0 


x(t) = [1- cos ot] 0«t«— 
0 


x(t) = <z [cos(wut - 27) —coswet ]- 0 t>t=— 
0 
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(2) 


This response function is shown below. Since the oscillator is undamped, and since the impulse 
lasts exactly one period of the oscillator, the oscillator is returned to its equilibrium condition at 


the termination of the impulse. 


m 20 t 
Op (0g 


3-35. The equation for a driven linear oscillator is 
X 2x w5x = f (t) 


where f(t) is the sinusoid shown in the diagram. 


Region: x=0 
Region I: *+28%+@5x =a sin ot 


Region IM: *+2R%+a 5x =0 


The solution of (2) is 
x =e% (Asin œt +B cos ot) +Xp 
in which 
Xp = Da sin (ot - ô) 
where 
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2po 
ó-tan'! 2 + 
6 — 0 
Thus, 


x=e "(Asin ot B cos of) - Dassin (vt - ô) 


The initial condition x(0) = 0 gives 


B-aDsinó 
and x(0)=0 
-PB + œ A + Dao cos 6=0 
or, 
A c (sin 6 cos ô) > 
The solution of (3) is 


x(t) 2 e" [ A' sin «t +B’ cos œt | 


We require that x(t) and x(t) for regions II and III match at t = z/w. The condition that 


T m ; 
Xg| —J7*m| 7] gives 
Qo Qo 


e "(Asin ø+ B cos ø) - Da sin (z — 8) =e“ (A' sin ø+ B' cos 9) 


e 
where ¢=— z or, 
e 


D sin ó 
A'  B' cot ó— A+Bcot¢+ oe 
sin $ 


ag Oe ee Loa E 
The condition that x, (4) = Xm (4) gives 
to) to) 


—- fie ^"^ (A sin $+ B cos 9) - aDo cos (z — 6) +e ^"^ (Ac, cos $— Ba, sin ¢) 


- -pe ( A' sin 6+ B' cos ø) + e "^ (A'o, cos ø- B'o, sin g) 


or, 


A'(@, cos ø- Bsin ¢)—B'(a, sin ø+ f cos 4) 


= A(- f sin É+ @ cos 9)- Bla, sin $ 4 f cos 9) - e""aDo cos ô 


or, 








Al p[asnerbense | pasne ies @Da cos ó 


@ cos $ — B sin @ 


0, cos ó- D sin ġ €, cos ó— B sin ó 
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(7) 


(8) 


(9) 


(10) 


(11) 


(12) 


(13) 
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Substituting into (13) from (12), we have 


A (a, cos ó — f sin g) cos $+ (a, sin ø+ f cos 9) sin ¢ 
(a, cos ¢— f sin 9) sin ó 











(14) 
7 (a, cos ¢— p sin g) cos ó + (a, sin $4 f cos 9) sin ó + aDe”"l? sin ó M æ cos ó 
(a, cos ó — f sin g) sin ¢ sing œ cos ø- B sin ó 
from which 
B' = aD sin 8+ —- De®”? [ sin ACA cos ó— D sin 9) +ø cos ó sin g] (15) 
Q, 
Using (12), we can find A’: 
: pro 
jedes) ue qi du (16) 
sin ó 
Substituting for A, B, and B' from (10), (9), and (15), we have 
D 
A’ 2 aD sin 6| P. efle (£ cos ø+sin ? = DARE +e”? cos $) (17) 
01 01 0, 


Thus, we obtained all constants giving us the response functions explicitly. 


3-36. With the initial conditions, x(f,)=x, and x(t;) = x, , the solution for a step function for 
t » t, given by Eq. (3.103) yields 


a Xo £x pa 
dequo qp ou P.L a) 
Op QO AO WM, 


Therefore, the response to H(t,) for the initial conditions above can be expressed as 


x(t) = e Att» ls cos œ (t- ty) + |& + Bs sin o, (t- z 
Dy (08 

Q) 

"i -e ^^) cos w (t-t)- F Anin cx (t- 7 for t» f, 

5 di 

The response to an impulse function I(t,,t,) 2 H(t), for the above initial conditions will then be 

given by (2) for t, « t « t, and by a superposition of solutions for H(t,) and for H(t,) taken 

individually for t >t,. We must be careful, however, because the solution for t >t, must be 

equal that given by (2) for t =t, . This can be insured by using as a solution for H(t,) Eq. (3.103) 


with initial conditions x(0) 20, x(0) 20, and using f, instead of f, in the expression. 


The solution for t >t, is then 
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x(t) = e^t) E cos o, (f= t) + |& + Bs sin œ (t - z x, (t) (3) 
Oi.: Mi 
where 
aeg At) Br 
x (t)= c | cos o (t= t — 7) - cos œ (t-ta) + 
Be (4) 
gie sin (t--)- Eine (t7) for t >t, 
0, a 


We now allow a > œ as z— 0 in such a way that at = b = constant; expanding (3) for this 
particular case, we obtain 








sueta cos œ (t ZEE qe. fe [sn Qi (2) px. (5) 


QO 0, 04 











which is analogous to Eq. (3.119) but for initial conditions given above. 


3-37. Any function F(t)/m can be expanded in terms of step functions, as shown in the figure 
below where the curve is the sum of the various (positive and negative) step functions. 

In general, we have 

F, (t) 


ï+2pi+ox= > + 
m 





n--—oo 


-Y H, (6) (1) 


where 
a(t)  tot,=nt 
(2) 


0 t<t,=nt 


Then, since (1) is a linear equation, the solution to a superposition of functions of the form given 
by (2) is the superposition of the solutions for each of those functions. 


According to Eq. (3.105), the solution for H, (t) for t » t, is 





a T fe Pt) 
x, (t) » 1—- e 7^ coso (t — t, ) - — sin @, (t-t,) (3) 
x, ON 
then, for 
FO. Y n.o) W 


the solution is 
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fe hn ) 


QO, 





Oy n--oo 


x(t)= y H, (iene cos e (t-t,)— 


sin oth) 


= È mH, (6, (= Y F (G, (0) 6) 


where 








p ~Blt-ty) 
ens cos oy (t - t,)- sin o, is) t>t, 
























































G, (f) -| "e o, (6) 
0 E< t 
or, comparing with (3) 
x, (t)/ma, , tt, 
G, (t) = (7) 
0 Der 
Therefore, the Green's function is the response to the unit step. 
F(t) 
um 
t toa t 
H,(t) 
BSE 
3-38. The solution for x(t) according to Green’s method is 
x(t)= [0 F(t) (5t) ar 
= Fo : EFE gs r o7 E(t-P) as ET ' 
=— [ e7" sin ot eP" sin œ (t -t')dt (1) 
ma, *9 
Using the trigonometric identity, 
f os 4, 1 f ' 
sin ot' sin o, (t -t') = j|ees [(@ + v)t' - ext |- cos | (o o )t' + et || (2) 


we have 
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= t t 
= HET [arc cos [(e + e t - ot | - [aret cos [(e —@,)t"+ ot | (3) 
0 


0 


x(t) 


2mo, 


Making the change of variable, z — (v œ )t' — «t , for the first integral and y 2 (v — «)t' + ct 
for the second integral, we find 


























" (-y)eit : (ig) -(g-r)ot , UON 
Pe” |e a $ 2. e ea $ 255 
EO. Tem Jes cos Z — PNE Tus COS y (4) 
After evaluating the integrals and rearranging terms, we obtain 
F o) 
x(t) s 
" (B-ry +(o+ a) (6-7) +(0-0,) | 
«Le [26 eos ot [pr eot on] 52] (5) 
e 





Le [06- y) cos ext + ([4- y +o" oi) iar 





3-39. 


F(t) = 


sinøt O<t<z/o 
0 a[o «t «2z/o 


From Equations 3.89, 3.90, and 3.91, we have 


F(t)= $ ay + Ys, cos not +b, sin not) 


n=1 


a= NU cos not' dt' 


b, = ZEEE) sin not' dt 


Orzo, 
a= | sin ot' cos not' dt' 
m 


TS 


Orzo , 2 
a, =—| "sin ot' dt == 
m9 mT 


Orzo, 
a, == sin ot' cos at’ dt' =0 
mo 
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; t/a 
a, (n22)- 2 f?" sin ot' cos not! dt! = 2 Bon ok Jee 
m*o 1 2(1- n)o 2(14 n)o 


0 
Upon evaluating and simplifying, the result is 


2 
—— neven 
a= z(1- n) n =0,1,2,... 


0 n odd 
b, =0 by inspection 


r/o 1 
b, =<] "^ sin? ot' dt! =— 
mo 2 


€) çz 
b (n22)=— I 





R ; . " r/o 
Peo ae gee re sin(1-n)ot' sin(1+n)ot 
z| 2(1-n)o 2(1+n)o 
So 
1 1 2 
F(t)=—+=—sin’ ot^ 
0) m 2 Pu n(1-n’) 


or, letting n > 2n 





F(t) - ez sin ot + 2. 


m n=1,2,... 





The following plot shows how well the first four terms in the series approximate the function. 






1.0 Sum of first 


four terms 





0:5 


s on 
[0] [0] 
3-40. The equation describing the car's motion is 
d? 
mA - -k(y - a sin ot) 


where y is the vertical displacement of the car from its equilibrium position on a flat road, a is 
the amplitude of sine-curve road, and 
dmxg 100x9.8 


= 98000 N/m 
dy 0.01 





k = elastic coefficient = 
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= 270, 





=174 rad/s with v, and A being the car's speed and wavelength of sine-curve road. 


The solution of the motion equation can be cast in the form 
2 


y(t) =B cos (ot + B) + 1— sinet with œ - [K-99 rad/s 
m 





0 


We see that the oscillation with angular frequency @ has amplitude 


2 
A=— 2- =-0.16 mm 
0-0 





The minus sign just implies that the spring is compressed. 


3-41. 


a) The general solution of the given differential equation is (see Equation (3.37)) 


x(t)= exp(-/t)| A, expli JF -0 | +A, exp -0 )] 


v(t) 2 x'(t) = -Bexp(-ft)| A, opli JF -o | +A, exp -o J 
*exp(- 5t) J^ — ox | A, exp( P -ei)- A, exp - or) | 


att=0, x(f) 2 xy, v(t) 2v > 


1f 0, + fix, ) 


Scop P-o?) 


id Vy) + Bx, ) 


f 1 
2|” SP-a) W 








and A,- 
b) 


i) Underdamped, £= - 


In this case, instead of using above parameterization, it is more convenient to work with the 


following parameterization 
x(t) = A exp(- t) )eos (to? =p = ó) (2) 


v(t) = —Aexp(- -ft)| Bcos(t fo? -p -à)« to; -P sin (tor - f zl (3) 


Using initial conditions of x(t) and v(t), we find 


[^ 





z t2 
Xo Xo 
2 


^re tà - P and tan (ô) = J-F 
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In the case 8 = T and using (6) below we have 


Poe A 1 








tanó- += = => 6=-30° 
V3 %)@ V3 3 
2 Xy [U , 050 
A= o 2L H o -——X 
X43 o Nx x ET 

so finally 

x(t) = A^ exp (iow) cos (Ea + 30°] (4) 
ii) Critically damped, £= o, , using the same parameterization as in i) we have from (2) and 
(3): 

x(t) = A exp (—ft) = x, exp (—apt) (5) 

and v(t) 2 x'(t)= —ex,exp(-eyt => 0) =-@Xy (6) 


iii) Overdamped, £= o, , returning to the original parameterization (1) we have (always 
using relation (6)), 


cee aay aed sel 
= Wo exp (V3 — 2) ot) + WB ep (> (43 4 2) ort) (7) 


Below we show sketches for equations (4), (5), (7) 


x 







Underdamped 


| l X c Critically damped 


S 





Overdamped 


3-42. 
a) 
m(x" ax) - F, sin ot 20 (1) 
The most general solution is 
x(t) =a sin et + b cos ext + A sin ot 


where the last term is a particular solution. 
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To find A we put this particular solution (the last term) into (1) and find 

F 

A= m( a =) 
Qj — 0 

At t = 0, x = 0, so we find b = 0, and then we have 


x(t) - a sin eat - Asin ot =>  v(f) - ao cos ost + Aw cos ot 


Mi=0 ge > A= 
e 
E 1 


iva moy (ex + @)(@ — a 





@ sin ct — o sin apt) 


b) Inthe limit @ o one can see that 


The sketch of this function is shown below. 


x 











3-43. 


a) Potential energy is the elastic energy: 
U(r) = zkir-ay, 


where m is moving in a central force field. Then the effective potential is (see for example, 
Chapter 2 and Equation (8.14)): 


U s (r)-U(r)- -— li; ay + r 
em 2mr 2 2mr? 





where | = mor = mor? is the angular momentum of m and is a conserved quantity in this 
problem. The solid line below is U(r); at low values of r, the dashed line represents 
2 





U(r)= zt — à, and the solid line is dominated by At large values of r, 


2mr? 


U(r) = U(r) = Zkt =a) 
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Potential energy 














k(n-a)2 moy > @ = 


c) For given (and fixed) angular momentum l, V(r) is minimal at r, because V'(r), .. =0,s0 
we make a Taylor expansion of V(r) about 1% ; 


us Vs) (r7 V) 3t V^) iit men ny Z Sou 





where K =3mo} , so the frequency of oscillation is 


k — 
- 3K( =a) 


3-44. This oscillation must be underdamped oscillation (otherwise no period is present). 
From Equation (3.40) we have 


x(t) = A exp (—t) cos («t — ô) 
so the initial amplitude (at t = 0) is A. 


Now at props eun 
QO, 


x(4T) = A exp (-0%) cos (8z — ô) 


1 


The amplitude now is A exp (- p=) , so we have 
o 


1 
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A exp (5) 


A e 


1 


and because P=, |o — o? , we finally find 


QO, 82 


O, 64x +1 





l 
3-45. Energy of a simple pendulum is Tg where @ is the amplitude. 


For a slightly damped oscillation 6(t) ~ Gexp(- pt) . 


l 
Initial energy of pendulum is Tg 


Energy of pendulum after one period, T = 2z i ,is 
8 


PS «Ty = "8 e exp (-26T) 


So energy lost in one period is 





l l 
^ 6 (1-exp(-26T)) = “SP pT = melo fT 
So energy lost after 7 days is 


mgle gr ENS) = mgl@ f (7 days) 


This energy must be compensated by potential energy of the mass M as it falls h meters: 


Mh x 


Mgh = mgl’ 7 days) > B= ml@(7 days) =0.01s 


Knowing £ we can easily find the coefficient Q (see Equation (3.64)) 


|S 2 
/ 2 —-2 
_ OR _ ey -25 _ l á =178 


"GOH- ^ 38 2B 





Q 
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CHAPTER 





Nonlinear Oscillations 
and Chaos 


4-1. 





(a) (b) (c) 


The unextended length of each spring is /,, as shown in (a). In order to attach the mass m, each 


spring must be stretched a distance d, as indicated in (b). When the mass is moved a distance x, 
as in (c), the force acting on the mass (neglecting gravity) is 


F - 2k(s - £,)sin 8 (1) 
where 
ge x (2) 
and 
sin 0= t. (3) 
JP +x? 
Then, 








Pa- a, = [Veg -(0-2)] 


2 7-1/2 
Diy Pa gy A (4) 
+x? t e 
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Expanding the radical in powers of x^//^ and retaining only the first two terms, we have 





F(x)= as ih is] 


D 2 4 


[ z 2 
=-2kx 1-j1-4).5 45 
| e| 2 2? 





2d. k(f-d) s 


£ £ 





The potential is given by 


so that 

















4-2. Using the general procedure explained in Section 4.3, the phase diagram is constructed 


as follows: 
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(5) 


(6) 


(7) 
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4-3. The potential U(x) = -( A 3x) has the form shown in (a) below. The corresponding phase 


diagram is given in (b): 


(a) 





4-4. Differentiation of Rayleigh’s equation above yields 
X -(a- 353^) - eux =0 


The substitution, 


implies that 





When these expressions are substituted in (1), we find 


Lm 2 | 3ba y. UNE. ay | 
3b b ys Vo "N3b Yo 


Multiplying by y, ee and rearranging, we arrive at van der Pol’s equation: 
a 





ice jenen 
Vo 








(1) 


(2) 
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4-5 " 


a) A graph of the functions f, (x) x^ & x1 and f,(x)=tan x in the region 0€ x € z/2 shows 
that there is an intersection (i.e., a solution) for x, =3z/8. 





The procedure is to use this approximate solution as a starting point and to substitute x, = 37/8 
into f(x) and then solve for x= tan“ | f (x)] . If the result is within some specified amount, 


say 10 5, of 37/8 , then this is our solution. If the result is not within this amount of the starting 


value, then use the result as a new starting point and repeat the calculation. This procedure 
leads to the following values: 























Xi fila)=x +x, 41 tan ^ | f,(x,) | Difference 
1.1781 3.5660 1.2974 0.11930 
1.2974 3.9806 1.3247 0.02728 
1.3247 4.0794 1.3304 0.00573 
1.3304 4.1004 1.3316 0.00118 
1.3316 4.1047 1.3318 0.00024 
1.3318 4.1056 1.3319 0.00005 





Thus, the solution is x = 1.3319. 

Parts b) and c) are solved in exactly the same way with the results: 
b) x=1.9151 

c) x=0.9271 


4-6. For the plane pendulum, the potential energy is 
u= mgt[1 — cos o] (1) 


If the total energy is larger than 2mg/ , all values of 0 are allowed, and the pendulum revolves 
continuously in a circular path. The potential energy as a function of 0 is shown in (a) below. 


u 
2mgt 


met 


Since T = E - U(0), we can write 
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T= 5 mo? -lmPÜ -E-mgt(1-cos 0) (2) 


and, therefore, the phase paths are constructed by plotting 


. 2 1/2 
0= P. [E mge(1 cos 8) |’ (3) 


versus @. The phase diagram is shown in (b) below. 








(b) 


4-7.  Letus start with the equation of motion for the simple pendulum: 
Ó - —», sin 0 (1) 


where o? = g// . Put this in terms of the horizontal component by setting y = x// 2 sin 0. 
Solving for 0 and taking time derivatives, we obtain 


2 


yy y 2 
a-yy* Roy n 


Since we are keeping terms to third order, we need to get a better handle on the y* term. Help 





comes from the conservation of energy: 
i ugs 
gine —mgl cos 0 = —mg cos A (3) 


where 6, is the maximum angle the pendulum makes, and serves as a convenient parameter 
that describes the total energy. When written in terms of y , the above equation becomes (with 
the obvious definition for y, ) 


2 


Pp eir iw) (4 


Substituting (4) into (2), and the result into (1) gives 





132 CHAPTER 4 





j+oby(3 J1-y -241-w]-0 6) 


Using the binomial expansion of the square roots and keeping terms up to third order, we can 
obtain for the x equation of motion 


icis [ied 38 2? 0 (6) 


4-8. For x> 0, the equation of motion is 
mi = —F, (1) 
If the initial conditions are x(0)=A, x(0)=0, the solution is 
E 
x(t)- A- —-£ 2 
()-A- 3. © 


For the phase path we need x = x(x), so we calculate 


Thus, the phase path is a parabola with a vertex on the x-axis at x = A and symmetrical about 
both axes as shown below. 





Because of the symmetry, the period r is equal to 4 times the time required to move from x = A 
to x = 0 (see diagram). Therefore, from (2) we have 





md 2mA 





(4) 


0 











4-9. The proposed force derives from a potential of the form 


Pe |x| «a 
u(x)- 


1 x-ó)x-óax? |x|»a 
2 


which is plotted in (a) below. 
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For small deviations from the equilibrium position (x = 0), the motion is just that of a harmonic 
oscillator. 


For energies E « E, , the particle cannot reach regions with x < -a, but it can reach regions of 
x >aif E» E,.For E, «E«E, the possibility exists that the particle can be trapped near x = a. 


A phase diagram for the system is shown in (b) below. 





4-10. The system of equations that we need to solve are 


= (1) 
y| |—0.05 y—sin x +0.7 cos ot 


The values of @ that give chaotic orbits are 0.6 and 0.7. Although we may appear to have chaos 
for other values, construction of a Poincaré plot that samples at the forcing frequency show that 
they all settle on a one period per drive cycle orbit. This occurs faster for some values of œ than 
others. In particular, when ø = 0.8 the plot looks chaotic until it locks on to the point 
(-2.50150,0.236439) . The phase plot for ø = 0.3 shown in the figure was produced by numerical 
integration of the system of equations (1) with 100 points per drive cycle. The box encloses the 
point on the trajectory of the system at the start of a drive cycle. In addition, we also show 
Poincaré plot for the case œ = 0.6 in figure, integrated over 8000 drive cycles with 100 points per 
cycle. 
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4-11. The three-cycle does indeed occur where indicated in the problem, and does turn 
chaotic near the 80th iteration. This value is approximate, however, and depends on the 
precision at which the calculations are performed. The behavior returns to a three-cycle near the 
200th iteration, and stays that way until approximately the 270th iteration, although some may 


. . p } 300 } ] 
I 
* S oc x ^ 























"| CA .0 RAE! 
x xx X 
x SRI x x 
(REE 
s XX x X 
0.4 x 
x 
eK x T am 
0.2 xi Rx x xx esata - 
































100 200 300 400 500 


iteration 


NONLINEAR OSCILLATIONS AND CHAOS 135 


4-1 2. 
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These plots are created in the manner described in the text. They are created with the logistic 
equation 


rM -09-x,(1-x,) (1) 
The first plot has the seed value x, — 0.4 as asked for in the text. Only one additional seed has 


been done here (x, = 0.75) as itis assumed that the reader could easily produce more of these 
plots after this small amount of practice. 
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4-1 3. 
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xX x, = 0.7 
fae x, = 0.700000001 
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iteration 





XXX 207 
fae x, = 0.7000000001 


The plots are created by iteration on the initial values of (i) 0.7, (ii) 0.700000001, and (iii) 
0.7000000001, using the equation 


= 25x, (1995) (1) 
A subset of the iterates from (i) and (ii) are plotted together, and clearly diverge by n = 39. The 
plot of (i) and (iii) clearly diverge by n = 43. 


4-1 4. 
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The given function with the given initial values are plotted in the figure. Here we use the 
notation x, =0.9 and y, =0.9000001, with x,,, =f(x,) and y, =f (yn) where the function is 


f(x) »25:x(1- x) (1) 
The fractional difference is defined as lx z yl / x, and clearly exceeds 30% when n = 30. 


4-15. A good way to start finding the bifurcations of the function f(a@,x) = æ sin zx is to plot its 
bifurcation diagram. 





0.4 F 


0.2 F 














One can expand regions of the diagram to give a rough estimate of the location of a bifurcation. 
Its accuracy is limited by the fact that the map does not converge very rapidly near the 
bifurcation point, or more precisely, the Lyapunov exponent approaches zero. One may 
continue undaunted, however, with the help of a graphical fractal generating software 
application, to estimate quite a few of the period doublings «, .Using Fractint for Windows, and 
Equation (4.47) to compute the Feigenbaum constant, we can obtain the following: 




















n a ô 

1 0.71978 

2 0.83324 4.475 
3 0.85859 4.611 
4 0.86409 4.699 
5 0.86526 4.680 
6 0.86551 4.630 
7 0.865564 4.463 
8 0.8655761 





One can see that although we should obtain a better value of óas n increases, numerical 
precision and human error quickly degrade the quality of the calculation. This is a perfectly 
acceptable answer to this question. 


One may compute the a, to higher accuracy by other means, all of which are a great deal more 
complicated. See, for example, Exploring Mathematics with Mathematica, which exploits the 
vanishing Lyapunov exponent. Using their algorithm, one obtains the following: 
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n a ô 

1 0.719962 

2 0.833266 4.47089 
3 0.858609 4.62871 
4 0.864084 4.66198 
5 0.865259 4.65633 
6 0.865511 5.13450 
7 0.865560 





Note that these are shown here only as reference, and the student may not necessarily be 
expected to perform to this degree of sophistication. The above values are only good to about 
10% , but this time only limited by machine precision. Another alternative in computing the 
Feigenbaum constant, which is not requested in the problem, is to use the so-called 
"supercycles," or super-stable points R, , which are defined by 


Pa 


The values R, obey the same scaling as the bifurcation points, and are much easier to compute 
since these points converge faster than for other æ (the Lyapunov exponent goes to —o). See, for 
example, Deterministic Chaos: An Introduction by Heinz Georg Schuster or Chaos and Fractals: New 
Frontiers of Science by Peitgen, Jürgens and Saupe. As a result, the estimates for 5 obtained in 
this way are more accurate than those obtained by calculating the bifurcation points. 


4-16. The function y = f(x) intersects the line y = x at x = xy, i.e. x, is defined as the point 
where x, = f (x,). Now expand f(x) in a Taylor series, so that near x; we have 


f (x) = f(x) + B(x x) xo + p(x- x0) (1) 


where 


df 
p= as i (2) 


Now define £, 2 x, - x. If we have x, very close to x, then £ should be very small, and we 


may use the Taylor expansion. The equation of iteration x,,,, = f ( xj becomes 
£y = BE, (3) 
If the approximation (1) remains valid from the initial value, we have ¢,,, = fe. 
a) The values x, — x, =£, form the geometric sequence &, f&, f^&, .... 
b) Clearly, when | p| <1 we have stability since 


lim e, =0 


n—oo 


Similarly we have a divergent sequence when |/|» 1, although it will not really be exponentially 


divergent since the approximation (1) becomes invalid after some number of iterations, and 
normally the range of allowable x, is restricted to some subset of the real numbers. 
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4-17. 
X X X E 
i / / KAA 
0.6 MOST VOX ara VS 3 
X X 
oo 
x 
d PLI 
0 X en a ey 


0 2 4 6 8 10 12 14 16 18 20 
iteration 

XX go = 0.4 

XXX = 0.7 


The first plot (with a = 0.4) converges rather rapidly to zero, but the second (with a = 0.7) does 
appear to be chaotic. 


4-1 8. 









IH 
d ,l 
04r 


0.2 F 











The tent map always converges to zero for a < 0.5. Near a = 0.5 it takes longer to converge, and 
that is the artifact seen in the figure. There exists a "hole" in the region 0.5 < æ < 0.7 (0.7 is 
approximate), where the iterations are chaotic but oscillate between an upper and lower range 
of values. For a> 0.7, there is only a single range of chaos, which becomes larger until it fills the 
range (0,1) at a - 1. 


4-19. From the definition in Equation (4.52) the Lyapunov exponent is given by 











n-1 
(im da a (1) 
n» f] 179 dx r 
The tent map is defined as 
2ax for 0<x<1/2 
f (x)= (2) 
2a(1-x) for 1/2<x<1 


This gives df /dx| -2a , so we have 
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À-lim(^ 


n>o 


=1) In(2a) = In(2a) (3) 


As indicated in the discussion below Equation (4.52), chaos occurs when 4 is positive: a > 1/2 
for the tent map. 


4-20. 














4-21 n 














-1.5 =J -0.5 0 0.5 1 1.5 


The shape of this plot (the attractor) is nearly identical to that obtained in the previous problem. 
In Problem 4-20, however, we can clearly see the first few iterations (0,0), (1,0), (—0.4,0.3), 
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whereas the next iteration (1.076,-0.12) is almost on the attractor. In this problem the initial 
value is taken to be on the attractor already, so we do not see any transient points. 


4-22. The following. system of differential equations were integrated numerically 


x n y s 
EEE e @) 


using different values of B in the range [9.8,13.4], and with a variety of initial conditions. The 
integration range is over a large number of drive cycles, throwing away the first several before 
starting to store the data in order to reduce the effects of the transient response. For the case 

B = 9.8, we have a one period per three drive cycle orbit. The phase space plot (line) and 
Poincaré section (boxes) for this case are overlaid and shown in figure (a). All integrations are 
done here with 100 points per drive cycle. One can experiment with B and determine that the 
system becomes chaotic somewhere between 9.8 and 9.9. The section for B = 10.0, created by 
integrating over 8000 drive cycles, is shown in figure (b). If one further experiments with 
different values of B, and one is also lucky enough to have the right initial conditions, (0,0) is 
one that works, then a transition will be found for B in the range (11.6,11.7). As an example of 
the different results one can get depending on the initial conditions, we show two plots in 
figure (c). One is a phase plot, overlaid with its section, for B = 12.0 and the initial condition 
(0,0). Examination of the time evolution reveals that it has one period per cycle. The second plot 
is a Poincaré section for the same B but with the initial condition (10,0), clearly showing chaotic 
motion. Note that the section looks quite similar to the one for B = 10.0. Another transition is in 
the range (13.3,13.4), where the orbits become regular again, with one period per drive cycle, 
regardless of initial conditions. The phase plot for B = 13.4 looks similar to the one with B = 12.0 
and initial condition (0,0). 


To summarize, we may enumerate the above transition points by B,, B,, and B,. 


Circumventing the actual task of computing where these transition points are, we do know that 
9.8 « B, «99, 11.6 < B, «11.7, and 13.3 < B, «13.4. We can then describe the behavior of the 
system by region. 


e B«B,:one period per three drive cycles 

e B, «B«B,:chaotic 

e B,<B<B,: mixed chaotic/one period per drive cycle (depending on initial conditions) 
e B,«B:one period per drive cycle 


We should remind ourselves, though, that the above list only applies for B in the range we have 
examined here. We do not know the behavior when B « 9.8 and B » 13.4, without going beyond 
the scope of this problem. 
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4-23. The Chirikov map is defined by 
Past =P, -K sin Vn (1) 
dua = ds 7 Pasi (2) 


The results one should get from doing this problem should be some subset of the results shown 
in figures (a), (b), and (c) (for K = 0.8, 3.2, and 6.4, respectively). These were actually generated 
using some not-so-random initial points so that a reasonably complete picture could be made. 
What look to be phase paths in the figures are actually just different points that come from 
iterating on a single initial condition. For example, in figure (a), an ellipse about the origin (just 
pick one) comes from iterating on any one of the points on it. Above the ellipses is chaotic orbit, 
then a five ellipse orbit (all five come from a single initial condition), etc. The case for K = 3.2 is 
similar except that there is an orbit outside of which the system is always undergoing chaotic 
motion. Finally, for K = 6.4 the entire space is filled with chaotic orbits, with the exception of 
two small lobes. Inside of these lobes are regular orbits (the ones in the left are separate from the 
ones in the right). 
































Vr 
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4-24. 
a) The Van de Pol equation is 
dx dx 
dB Oy x = ula = xx 
Now look for solution in the form 
x(t) =b cos ot + u(t) (1) 
we have 
dx . du 
a —bo, sin ot + 3 
and 
d'x d^u 
É is —box cos ot + dB 
Putting these into the Van de Pol equation, we obtain 
d t 
RS + @ u(t) = -u[p cos? ayt +u’ (t) + 2bu(t) cos at — a |-to sin ot + m ! 


From this one can see that u(t) is of order u (i.e. u ~ O(u)), which is assumed to be small here. 
Keeping only terms up to order 4, the above equation reads 


d'u(t) 
dt^ 


+ @,u(t) = —1{-b ay sin @pt cos? ot + a°ba@, sin ext) 


2 2 
=—pba, G - a sin @t — Y sin 3a@,t 


(where we have used the identity 4 sin of cos? «f = sin of + sin 3f ) 


This equation has 2 frequencies (@, and 3o, ), and is complicated. However, if b —2a then the 
term sin@,t disappears and the above equation becomes 
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d^u(t) p^. 
d + @u(t) = uo m 3@ot 
We let b= 2a, and the solution for this equation is 
b3 3 
u(t) =— A? -sin Jot = -4 sin 30t 
320, 40, 


So, finally putting this form of u(t) into (1), we obtain one of the exact solutions of Van de Pol 
equation: 


3 
u(t) = 2a cos et — A sin 30t 
40 
b) See phase diagram below. Since 4 = 0.05 is very small, then actually the second term in the 


expression of u(t) is negligible, and the phase diagram is very close to a circle of radius 
b - 2a - 2. 


Re 











4-25. We have used Mathematica to numerically solve and plot the phase diagram for the van 
de Pol equation. Because u= 0.07 is a very small value, the limit cycle is very close to a circle of 
radius b = 2a = 2. 


a) In this case, see figure a), the phase diagram starts at the point (x = 1, x’ = 0) inside the limit 
cycle, so the phase diagram spirals outward to ultimately approach the stable solution 
presented by the limit cycle (see problem 4-24 for exact expression of stable solution). 
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b) In this case, see figure b), the phase diagram starts at the point (x = 3, x' = 0) outside the 
limit cycle, so the phase diagram spirals inward to ultimately approaches the stable solution 
presented by the limit cycle (see problem 4-24 for exact expression of stable solution). 


x 











4-26. We have used Mathematica to numerically solve and plot the phase diagram for the van 
de Pol equation. Because u= 0.5 is not a small value, the limit cycle is NOT close to a circle (see 


problem 4-24 above). 
a) In this case, see figure a), the phase diagram starts at the point (x = 1, x’ = 0) inside the limit 


cycle, so the phase diagram spirals outward to ultimately approach the stable solution 
presented by the limit cycle (see problem 4-24 for exact expression of stable solution). 
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b) In this case (see figure below), the phase diagram starts at the point (x = 3, x’ = 0) outside 
the limit cycle, so the phase diagram spirals inward to ultimately approaches the stable solution 
presented by the limit cycle (see problem 4-24 for exact expression of stable solution). 


x 


2 


— 
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CHAPTER 





Gravitation 


5-1. 
a) Two identical masses: 


The lines of force (dashed lines) and the equipotential surfaces (solid lines) are as follows: 





b) Two masses, +M and —M: 


In this case the lines of force do not continue outward to infinity, as in a), but originate on the 
"negative" mass and terminate on the positive mass. This situation is similar to that for two 
electrical charges, +q and —q; the difference is that the electrical lines of force run from +q to -4. 
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5-2. Inside the sphere the gravitational potential satisfies 


V? $- 4aG p(r) (1) 
Since p(r) is spherically symmetric, ¢ is also spherically symmetric. Thus, 
1 3| ,0¢ 
—— f —|=42G 2 
r° Or L d pe) Q 


The field vector is independent of the radial distance. This fact implies 





op = constant = C (3) 
or 
Therefore, (2) becomes 
zc = 4zGp (4) 
r 
or, 
€ 
= 5 
P 2aGr ©) 


5-3. In order to remove a particle from the surface of the Earth and transport it infinitely far 
away, the initial kinetic energy must equal the work required to move the particle from r= R, 


to r = oo against the attractive gravitational force: 





e | M,m 1 
JE E dr = mu, (1) 


where M, and R, are the mass and the radius of the Earth, respectively, and v, is the initial 
velocity of the particle at r=R,. 


Solving (1), we have the expression for v, : 


Uy = : Q) 





Substituting G = 6.67 x 10 m?/kg.s^, M, =5.98x 10" kg, R, =6.38x10° m, we have 








0, =11.2 km/sec| (3) 





5-4. The potential energy corresponding to the force is 
dx mk? 
U =—| F dx = mk? |—--—7 
J UU are 


The central force is conservative and so the total energy is constant and equal to the potential 
energy at the initial position, x = d: 


(1) 
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E = constant = : mx? ; m—--—-—m (2) 


Rewriting this equation in integrable form, 


c dx d$ x 
EE 8) 
2 h2 1 1 ki d> — x? 
Arar 


where the choice of the negative sign for the radical insures that x decreases as t increases. 
Using Eq. (E.9), Appendix E, we find 








t2—Xd^-x (4) 
d 
or 
d? 
t= 
k 
5-5. The equation of motion is 
mice em (1) 
Using conservation of energy, we find 
bem =e=2emM (2) 
2 x X 
cae 2GM 2-2] (3) 
dt Re ed 


where x, is some fixed large distance. Therefore, the time for the particle to travel from x, to x 
is 


dx 





= dx 7 XX, 


MES mcum 
peat JGM > 2(x,, - x) 
X oe 


Making the change of variable, x > y*, and using Eq. (E.7), Appendix E, we obtain 


If we set x =O and x= x,,/2 in (4), we can obtain the time for the particle to travel the total 
distance and the first half of the distance. 





(4) 





x 
Xa 
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0 1 x P 
r= Pat (5) 
Xp /2 3/2 
1 x, a 
Dye dis = E h 4 4 (6) 
Hence, 
Ty z 1 + 2 
Th c 
Evaluating the expression, 
—? -0.818 (7) 
T, 
or 
Tp oe (8) 
Tu 1 
5-6. 
AZ 
P 





4 rdrd(cos 0)d$ 
0 


y 





Since the problem has symmetry around the z-axis, the force at the point P has only a 
z-component. The contribution to the force from a small volume element is 





dg, =-G r'dr d(cos 0) dé cos a (1) 
where p is the density. Using cosa = andi and integrating over the entire sphere, we have 
S 
pE Go| r'ar| d(cos o) ap PUE z (2) 
0 i o (rz -2mcos6) 


Now, we can obtain the integral of cos 0 as follows: 
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z—rcosÓ 
I= d 0 
ln +Z > _2rz cos 0)” pe 


41 


= -2 [(e +z? —2rzcos oj” d(cos 0) 
zi 


+1 
1/2 
=i | 


B " 


Oz|z|] z 


Using Eq. (E.5), Appendix E, we find 


I- Eie +27 —2rz cos o) 





Oz| TZ 


Therefore, substituting (3) into (2) and performing the integral with respect to r and 4, we have 
a 2 


8z =e 


4 1 
c i pe 


3 z (4) 


But ES a? p is equal to the mass of the sphere. Thus, 


&z = -GM z2 (5) 


Thus, as we expect, the force is the same as that due to a point mass M located at the center of 
the sphere. 


5-7. 








The contribution to the potential at P from a small line element is 


dd =-G P. dx (1) 
S 


where p, = = is the linear mass density. Integrating over the whole rod, we find the potential 


= oe (2) 


LUNES mU 
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Using Eq. (E.6), Appendix E, we have 





4 g 2 
i2 —+,/—+R 
D=-G* mfx t +R? | -CM n AN4 
4 -4/2 4 y} p 4 
——+,/—+R 











Since the system is symmetric about the z-axis, the x and y components of the force vanish and 
we need to consider only the z-component of the force. The contribution to the force from a 
small element of volume at the point (r,Gz) for a unit mass at (0,0, z, ) is 

rdrdodz 


dg, = -G 
e e +a) d 





" (z-z) u a) 
|" t (zy -z) | 





(z-z) 
JE +z =z) 


find the net gravitational force by integrating (1) over the entire volume of the cylinder. We find 


where pis the density of the cylinder and where we have used cos a = . We can 


g, = -Gp Írar do faz ——1 = 
0 0 


0 |n t(z- z) | 
Changing the variable to x= z-z, we have 


Zl 


f xdx 


2 278/2 
n [P] 


g, = 2Gp f rdr (2) 
0 


Using the standard integral, 
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xdx -1 


f 3 = 2 2 
CENSET Va? £x 





(3) 





we obtain 


T T 
up z 


Next, using Eq. (E.9), Appendix E, we obtain 


g.= -2nGp| di? CAN +z? + e| (5) 


Now, let us find the force by first computing the potential. The contribution from a small 
element of volume is 








8- =-24Gp | dr (4) 
0 














"EN (6 
r^ * (z, - z) 
Integrating over the entire volume, we have 
£ 2z ü 
dd - -Gp [dz | do | dr ————— (7) 
o 0 9 dr -(z-z) 


Using Eq. (E.9), Appendix E, again, we find 


L 
do = -2zGp | dz RG an eer eene 2) (8) 
0 
Now, we use Eqs. (E.11) and (E.8a), Appendix E, and obtain 


(%-4) 
2 





2 
0 =-2nGp)- a+ (4-0) +5 in| 2(y- 042 (2-0) +0? | 


Z a 1 
+2 atzi - In| -2z +2 gr -zotte 
2 2 2 


Thus, the force is 
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1--———— 
1 ] -z a Nata 
2 Ja? +z, Bose brem 


or, 








g.= -2aGp| Ja’ +(zo -4y — Ja? +25 «4 (10 


and we obtain the same result as in (5). 








In this case, it is clear that it is considerably easier to compute the force directly. (See the 
remarks in Section 5.4.) 


5-9. 
dt 


" 
R P 


The contribution to the potential at the point P from a small line element d/ is 


=-G j2” (1) 





M 
where p, is the linear mass density which is expressed as p, = rp Using 
ma 





r= JR +a’ —2aR cos @ and dé = ad0, we can write (1) as 


GM 7 dà 


Lin EN: — 2aR cos 0 A 








This is the general expression for the potential. 


If R is much greater than a, we can expand the integrand in (2) using the binomial expansion: 


1 1 


2\ 7712 
= L (2 4 cos @ 5) 
JR^«-a?-2aRcosQ R R R 


2 27 
= T 24 cos 0 a po 24 cos 0 = Phin (3) 
2| R R 8 R R R 
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3 
If we neglect terms of order (4) and higher in (3), the potential becomes 


























2x 2 2 
pee a ens pa eee ae 0| do 
Pm 3 R 2R° 2R 
2 2 
- CM 27 pa. (4) 
27 R- 2 R 
or, 
GM jur 
@(R)= 1+ 5 
(R) R | AR | ©) 
We notice that the first term in (5) is the potential when mass M is concentrated in the center of 
2 
the ring. Of course this is a very rough approximation and the first correction term is OMM 
5-1 0. 
Using the relations 
x - J(Rsin 9)" +a’ —2aRsin@cos ó (1) 
r=4x + RH cos? 0 = JR t à! —2aRsin@cos ó (2) 
M f . 
Pı ^ 4— (the linear mass density), (3) 
2zü 
the potential is expressed by 
2z 
i eee = | do (4) 
r 2zR 1 a a? 
l-[|[2- smOcosé--— 
R R 
If we expand the integrand and neglect terms of order ( aj Ry and higher, we have 
a. a? mE a. 12 34. 
EE 0 cos «| z= 1+ sin 0 cos or ae 0 cos? à (5) 


Then, (4) becomes 
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2 2 
pz GM : - 20+ ; asin’ 0 
2zxR 2R 2R 
Thus, 
2 
a(R) -&M im! Z sin? o| (6) 
R 2 R 2 
5-11. 





jso 4" _-G an (1) 





r Vz? +a? — 2zacos 0 


Integrating (1) over the entire volume and dividing the result by the surface area of the sphere, 
we can find the average field on the surface of the sphere due to dm: 


1 ps 
db,,-— Gd 
pens 


Making the variable change cos 0= x, we have 








(2) 





2z14? sin 0 dO 
24.4? -2zacos0 


+1 
a a a (3) 
2 X (z? + a?) —2zax 


Using Eq. (E.5), Appendix E, we find 


dÒ me = in -4e +a°)-2za NP: a) +2 | 
2 za za 


gan Eteo] 


EE Za 





G 
-——dm (4) 
Z 
This is the same potential as at the center of the sphere. Since the average value of the potential 
is equal to the value at the center of the sphere at any arbitrary element dm, we have the same 
relation even if we integrate over the entire body. 
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5-12. 





Let P be a point on the spherical surface. The potential d due to a small amount of mass dm 
inside the surface at P is 


a Gdm 
r 


do = 





(1) 


The average value over the entire surface due to dm is the integral of (1) over dQ divided by 4z. 
Writing this out with the help of the figure, we have 


Gdm ik 2z sin 0 dO 
0 


AD we = 
4r r'?+ R? —2r'R cos 0 





(2) 


Making the obvious change of variable and performing the integration, we obtain 


dà . Gimp — du X ^  Gdm (3) 


"o Am t fp?+R-2r'Ru R 





We can now integrate over all of the mass and get ®,,, =—Gm/R. This is a mathematical 
statement equivalent to the problem's assertion. 


5-1 3. 





R, = position of particle. For R, < Ry < R,, we calculate the force by assuming that all mass for 
which r< R, is atr = 0, and neglect mass for which r > R,. The force is in the radially inward 
direction (—e, ). 


The magnitude of the force is 


where M = mass for which r< R, 
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4 4 
Mz x Rip, e a(R -R)e 


So p. 470m 


OR (eR +R -PRI ) e, 








— p, \ R? 
F= TIE 1 “a 
0 


5-14. Think of assembling the sphere a shell at a time (r = 0 tor = R). 


For a shell of radius r, the incremental energy is dU = dm ø where ¢ is the potential due to the 
mass already assembled, and dm is the mass of the shell. 

















So 
2 
dm = pAnr’dr = | e | Anr*dr = a zd 
AzR R 
3 
Ja where m-Mzs 
r 
So 
U= [du 
7 j 3Mridr| GMr? 
= Ls R? R? 
R 
== == [ar 
R 0 
TOME 3 GM? 
5 R 


5-15. When the mass is at a distance r from the center of the Earth, the force is in the inward 
radial direction and has magnitude F, : 





4 
F = cri for? P where p is the mass density of the Earth. The equation of motion is 
f 


GRAVITATION 


or 


yc or 20 where gie 


This is the equation for simple harmonic motion. The period is 





E. IN 
Qo Gp 











Substituting in values gives a period of about 84 minutes. 


5-1 6. 
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For points external to the sphere, we may consider the sphere to be a point mass of mass M. Put 


the sheet in the x-y plane. 
Consider force on M due to the sheet. By symmetry, F, = F, =0 


With dm = p,2zrdr and cos 0= 


h 
4r +h 


we have 


loo 


1 
F, = —2zp,GMh Kis 


0 


F, =27p,GM 








The sphere attracts the sheet in the z-direction 
with a force of magnitude 2zpo,GM 
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5-17. 


moon 
(not to scale) 


Earth 


Start with the hint given to us. The expression for g, and g, are given by 








2GM,x GM,x. GM,y GM,y 
8.7 D? y»? Sy = D? R? (1) 
where the first terms come from Equations (5.54) and the second terms come from the standard 
assumption of an Earth of uniform density. The origin of the coordinate system is at the center 
of the Earth. Evaluating the integrals: 


dns 2GM, GM, |] x2. qw GM, GM, vi, 
[ «x dx= 3 3 «I g,dy- 3 3 
0 D R 2 ’ 40 D R 2 








(2) 


To connect this result with Example 5.5, let us write (1) in the following way 


GM, Yax GM, 
EN ERN © 








The right-hand side can be factored as 


GM, 
2R? 


_ GM, 


as + AR E Va) E 2R? (2R)(h) = gh (4) 








2 
max 


If we make the approximation on the left-hand side of (3) that x7. = y2,, = R^, we get exactly 


Equation (5.55). Turning to the exact solution of (3), we obtain 


M, M M, 2M 
xs + Ds K oa 
h=2R (5) 
M, M M, 2M 
R? + D? + R? D 














Upon substitution of the proper values, the answer is = 0.54 m, the same as for Example 5.5. 
Inclusion of the centrifugal term in g, does not change this answer significantly. 
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5-18. From Equation (5.55), we have with the appropriate substitutions 








8GM,,r? 
hes 29D — M,, [ Ry i 
h,,,  3GM,? M, E () 
2gR 


Substitution of the known values gives 





haon _ 7-350 x 10” kg [m x10" =] e 


ha,  1993x10? kg| 3.84x10* m 


sun 


5-19. 
" SS 
A 
A 
i 


| Doon | 


/ 


^A 
" 


b! 
N 


™~S 


a T 


Because the moon’s orbit about the Earth is in the same sense as the Earth’s rotation, the 
difference of their frequencies will be half the observed frequency at which we see high tides. 
Thus 





fot a a) 
2T idis 7 Iu d aon 


which gives Taes = 12 hours, 27 minutes. 


5-20. The differential potential created by a thin loop of thickness dr at the point (0,0,z) is 


dudo. ee OM alr?) ©(z) = [ d@(z) = We +R? -z) 


V2 +r? zR? R? Vz’ 4r 


Then one can find the gravity acceleration, 


iod. 7 2GM( Mz? +R -z 
Be gg =e | Vz? +R? J 


where k is the unit vector in the z-direction. 
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5-21. (We assume the convention that D > 0 means m is not sitting on the rod.) 


The differential force dF acting on point mass m from the element of thickness dx of the rod, 
which is situated at a distance x from m, is 


= G(M/L) mdx 
AL Te 


dF 


And that is the total gravitational force acting on m by the rod. 
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Some Methods in the 
Calculus of Variations 


6-1. If we use the varied function 


y(a,x)=x+asin z(1- x) (1) 
Then 
OY ep cosas (2) 
dx 


Thus, the total length of the path is 


E 2 
S f 1+ (+ dx 
dx 


0 


1 
= Í [2-2a cos z(1- x)+ o? z? cos? z(1- x] dx (3) 
0 
Setting z(1- x)= u , the expression for S becomes 
1 m 1 1/2 
s- 5 [42 1c am cos ue san cos u| du (4) 
id 0 


The integral cannot be performed directly since it is, in fact, an elliptic integral. Because ais a 
small quantity, we can expand the integrand and obtain 


EZ 


m 1 1 2 
== f 1- Lam cosu- L a?r? cos? u] - La cosu- 1 a^? cos? u) +... |du (5) 
ms 2 2 8 2 


If we keep the terms up to cos? u and perform the integration, we find 
S-424 x Tar (6) 


which gives 
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05 = v2 za (7) 
oa 8 
Therefore 
AES (8) 
0a a=0 





and S is a minimum when o - 0. 


6-2. The element of length on a plane is 
dS = Jdx? + dy? (1) 
from which the total length is 


(2,42) x 
S= í dx? « dy? = | (sj dx (2) 
( ) A 


xp 


If S is to be minimum, f is identified as 
ay 
=,/1+ (2 3 
f pA (3) 
Then, the Euler equation becomes 
d d 
Ime 1 + 12. = 0 4 
TT ey? | (4) 


dy 


where y' = FH (4) becomes 
x 


LE UNE 5 
TE ; 





or, 





Y = constant = C (6) 
1+ y”? 


C? 
A E = constant = a (7) 


e) 


from which we have 





Then, 


This is the equation of a straight line. 
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6-3. The element of distance in three-dimensional space is 


dS = Jdx?^ + dy? + dz? (1) 


Suppose x, y, z depends on the parameter t and that the end points are expressed by 
(5, LAN ACA z (t,)) ; (e (t)r 52; (t,)) . Then the total distance is 


| dx} dy} dz| 
el EI 4 dZ] as a 


The function f is identified as 
faraya (3) 
CMS Nd 


Since —=0, the Euler equations become 
Ox Oy Oz 


d 
dt Ox 
E ug (4) 
dt oy 
aF o 
dt Oz 
from which we have 
FEES CEN 
J tY +27 
y 
J +y +2? 
Zz 


J +Y +2? 


From the combination of these equations, we have 


= constant = C, 


= constant = C, (5) 


= constant = C, 


do t 
Ci X 6 
Haor 
C 


If we integrate (6) from t to the arbitrary t, we have 
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xx, V-W 
C; C; 
(7) 
VU. 2% 
C; C. 


On the other hand, the integration of (6) from ft, to t, gives 


Ay Ya n 
C C; 
(8) 
Ya 351. 25575 
C; C 





from which we find the constants C,, C,, and C,. Substituting these constants into (7), we find 








XTX E y-yı — Z-Z (9) 
X= YY 2274 








This is the equation expressing a straight line in three-dimensional space passing through the 
two points (x, Vi, z) (xz, Yo, z>) : 


6-4. 











x 


AZ 
Di 
0 
^ Las 
2 i 
— =y 
$ 


The element of distance along the surface is 


dS = Jdx?^ + dy’ + dz’ (1) 


In cylindrical coordinates (x,y,z) are related to (p,¢,z) by 


x-pcosó 
y 7 psin ó (2) 
Z2=2 
from which 
dx =—psin ġ dọ 
dy = pcos ġ dó (3) 


dz =dz 
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Substituting (3) into (1) and integrating along the entire path, we find 
2 h 
S- [Jp dd? - dz? = | Jp? +2? dg (4) 
1 h 
where ż = m If S is to be minimum, f 2 p^ * z^ must satisfy the Euler equation: 


Ff F o (5) 
az 0$ 0i 


Since 2 =0, the Euler equation becomes 
z 


9  £ o 
06 al OF +2" 
from which 


= constant = C (7) 
2 :2 
p + 


C? 
- 8 
Z IE p (8) 
— = constant 
dp 


and for any point along the path, z and ¢ change at the same rate. The curve described by this 
condition is a helix. 


or, 





Since p is constant, (8) means 


6-5 n 


AZ 


(Xaa) 
LL ds 
Qa) 
y 
7 


The area of a strip of a surface of revolution is 


dA -2zxdsz2zx jdx^ + dy? (1) 





Thus, the total area is 
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A-2n [x 1-3? dx (2) 


X% 


where y= e In order to make A a minimum, f 2 xJ1-« j^ must satisfy equation (6.39). Now 


P 
LN m 
Ox 
o —xy 


ay fy 


Substituting into equation (6.39) gives 


ey cela Ts xy _ d x 
le T 


Ji -xyldy jda) y” 


1-3 





Multiplying by dey and rearranging gives 
Do an 
x y(1+y’) 
Integration gives 


2. 


y 


Sine ae in = 
1+y 





where In a is a constant of integration. Rearranging gives 
1 
“2 
(x? / a) -1 
Integrating gives 
x 
y=b+a cosh” = 
a 


or 





y-b 


ü 


x=acosh 











which is the equation of a catenary. 
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6-6 n 








If we use coordinates with the same orientation as in Example 6.2 and if we place the minimum 
point of the cycloid at (24,0) the parametric equations are 


x- a(1- cos 0) 
(1) 
y 2 a(0-- sin 6) 


Since the particle starts from rest at the point (x71) , the velocity at any elevation x is [cf. Eq. 
6.19] 


2g(x — x,) (2) 
Then, the time required to reach the point (35:95) is [cf. Eq. 6.20] 
E 12 1/2 
=f | as 8) 
: 29(x - 33] 


Using (1) and the derivatives obtained therefrom, (3) can be written as 


6 1 9 1/2 
"p Ld | se TOE |) go (4) 
8 g.o| Cos A—cos 0, 


Now, using the trigonometric identity, 1+ cos 0 = 2 cos? 6/2, we have 


-El cos 5 do 
8 eos? $ ——cos 2 A 








2 


cos — ; dà 
JH. o 
8 —sgin? 


Making the change of variable, z = sin 6/2, the expression for t becomes 


. 0i 
sm 
t= an f dz (6) 
8 o sin? Gy 
2 


The integral is now in standard form: 
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= m =sin' =| (7) 
a ax a 
Evaluating, we find 
TP {4 (8) 
$8 





Thus, the time of transit from ( X yi) to the minimum point does not depend on the position of 
the starting point. 


6-7. 








e ET 





The time to travel the path shown is (cf. Example 6.2) 
ds Jl*y ds 
t2 [—- [——À dx 
v v 


Although we have v = u(y), we only have dv/dy #0 when y = 0. The Euler equation tells us 


(1) 


d y' 
SE M s asd) (2) 
dx B 
Now use v=c/n and y' = -tan Oto obtain 
n sin 0 — const. (3) 


This proves the assertion. Alternatively, Fermat's principle can be proven by the method 
introduced in the solution of Problem 6-8. 


6-8. To find the extremum of the following integral (cf. Equation 6.1) 


J= Í f (y,x)dx 
we know that we must have from Euler's equation 
ð 
Y 
oy 


This implies that we also have 
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3 [9 asco 
oy "Oy 


giving us a modified form of Euler's equation. This may be extended to several variables and to 
include the imposition of auxiliary conditions similar to the derivation in Sections 6.5 and 6.6. 
The result is 


E + 2. A,(x) x -0 
when there are constraint equations of the form 
gy. x)-0 
a) The volume of a parallelepiped with sides of lengths a,, b,, c, is given by 
V-ajbc, (1) 


We wish to maximize such a volume under the condition that the parallelepiped is 
circumscribed by a sphere of radius R; that is, 


a? +b? +c; =4R? (2) 


We consider a,, b,, c, as variables and V is the function that we want to maximize; (2) is the 
constraint condition: 


g {4,,b,,c,} =0 (3) 
Then, the equations for the solution are 


oV 338o 
Od, Od, 


OV LAUR. ag 


ov - 4 
Ob, . ab, e 


e +Å 2 =0 
from which we obtain 
b,c, +244, =0 
a,c, +2Ab, 20 (5) 
a,b, +2Ac, =0 


Together with (2), these equations yield 


2 
i d aie a (6) 


Thus, the inscribed parallelepiped is a cube with side 4 R. 
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b) Inthesame way, if the parallelepiped is now circumscribed by an ellipsoid with semiaxes 
a, b, c, the constraint condition is given by 


2 2 2 
Ay b; C 
4a? 4b? 4z m 
where 4,, b,, c, are the lengths of the sides of the parallelepiped. Combining (7) with (1) and 
(4) gives 











ar c uw 
Then, 
2 2 
xe d (cf (9) 








6-9. The average value of the square of the gradient of g(x, Xz; à) within a certain volume V 


is expressed as 


jt 
V 


oF |] [3] |] s a) 


In order to make J a minimum, 
ag] [ool Togt 
OX; OX, OX, 


{vay di dx, dx, 








must satisfy the Euler equation: 








3 
of ð of = (2) 
09 10x, 0 06 
OX; 
If we substitute f into (2), we have 
3 
ô 8$ 4 B 
10x; OX; 
which is just Laplace'sequation: 
V? g=0 (4) 











Therefore, ¢ must satisfy Laplace's equation in order that I have a minimum value. 
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6-10. This problem lends itself to the method of solution suggested in the solution of Problem 
6-8. The volume of a right cylinder is given by 


V 2 zR'H (1) 
The total surface area A of the cylinder is given by 
A = Abacos + Auge = 27R* + 22 RH = 2zR(R + H) (2) 


We wish A to be a minimum. (1) is the constraint condition, and the other equations are 


= +A w =0 
OR OR 
; (3) 
0A +A oS =0 
ôH 0H 
where g -V -zR°H=0. 
The solution of these equations is 
R--H (4) 


6-11. 











The constraint condition can be found from the relation ds = Rd0 (see the diagram), where ds is 
the differential arc length of the path: 


ds = (ax? + dy)" = RdO (1) 
which, using y - ax? , yields 


V¥1+ 4d? x? dx = Rd8 (2) 


If we want the equation of constraint in other than a differential form, (2) can be integrated to 
yield 


A R6- S n 1 e 1 In (2x a? +1) (3) 
a 


where A is a constant obtained from the initial conditions. The radius of curvature of a parabola, 
y = ax’ , is given at any point (x,y) by n 2 1/24. The condition for the disk to roll with one and 
only one point of contact with the parabola is R < 1% ; that is, 
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1 
R«— 4 
ar (4) 
6-12. The path length is given by 
s- [ds [ 1- y" +z”? dx (1) 
and our equation of constraint is 
g(xwz) x +y" +z- =0 (2) 


The Euler equations with undetermined multipliers (6.69) tell us that 


Z | y EE (3) 





dx uy" +z? dy 


with a similar equation for z. Eliminating the factor A, we obtain 





2 y' HE z' E d 
y dx (lay? eat z dx Jy? ez? 
This simplifies to 
z| y" (1e y? «z?)- v (ry e zz") - [za y? +27)-2'(y'y" e zz")|-0 (5) 
zy" * (yy' + zz')z'y" — yz" - (yy' + zz')y'z" =0 (6) 
and using the derivative of (2), 
(z-xz')y" (y - xy')z" (7) 


This looks to be in the simplest form we can make it, but is it a plane? Take the equation of a 
plane passing through the origin: 


Ax + By =z (8) 


and make it a differential equation by taking derivatives (giving A + By' = z' and By" = z") and 
eliminating the constants. The substitution yields (7) exactly. This confirms that the path must 
be the intersection of the sphere with a plane passing through the origin, as required. 


6-13. For the reason of convenience, without lost of generality, suppose that the closed curve 
passes through fixed points A(-a,0) and B(a,0) (which have been chosen to be on axis Ox). We 
denote the part of the closed curve above and below the Ox axis as y,(x) and y;(x) respectively. 


(note that y; >Oand y, <0) 


The enclosed area is 


Jer, v.) [y Qodx -. f y, G0dx = [ (y 0) - v. 02) dx = [ fGr rx 


-a -a 
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The total length of closed curve is 


K(yt,y5) = idet (yi) Fax+ [fret (y; dx= fion (wy e te (yt) fax = IET (vi, y;)d 


Then the generalized versions of Eq. (6.78) (see textbook) for this case are 


of ODE: Lalo æ rai Al yi \ 
Oy, dx Cy; = | Oy, dx Oy; dx\ flea? ali 


of LT ap Lilo SA e uu 
Oy, dx Oy; Oy, dx Oy; dx | fie yy z) 











(1) 








(2) 


Analogously to Eq. (6.85); 
from (1) we obtain (x- AJ) *t(u- A;y =,’ (3) 
from (2) we obtain (x-B + (y, - B, zd (4) 
where constants A's, B's can be determined from 4 initial conditions 

(x=+ta,y,=0) and (x=+a,y, =0) 


We note that y, <0 and y, » 0, so actually (3) and (4) altogether describe a circular path of 


radius 4. And this is the sought configuration that renders maximum enclosed area for a given 
path length. 


6-14. Itis more convenient to work with cylindrical coordinates (r, 9 ,z) in this problem. The 
constraint here is z = 1- r , then dz = -dr 


ds’ edr rdj + dz’ = 2(dr? 4 rap) 
$ 


where we have introduced a new angular coordinate #=—= 


V2 


In this form of ds?, we clearly see that the space is 2-dimensional Euclidean flat, so the shortest 
line connecting two given points is a straight line given by: 


1 1 


~ cos(B- fy) cos( #4) 





this line passes through the endpoints (r = 1, ¢= ), then we can determine unambiguously 


the shortest path equation 
cos —— 
um 


r(9) - 
cos cos( 4) 


and z=1-r 
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Accordingly, the shortest connecting length is 


nf2 2 
dr m 
l= [ dé X) +r? 2242 sin —— 
1 dd 2/2 


6-15. 
1 d y 2 
o] (897 -ph 
[y] H a) cy d 
a) Treating I[y] as a mechanical action, we find the corresponding Euler-Lagrange equation 
d'y 


JUST 


Combining with the boundary conditions (x = 0, y = 0) and (x = 1, y = 1), we can determine 
unambiguously the functional form of y(x) - (sin x)/(sin 1). 


b) The corresponding minimum value of the integral is 





1 2 1 
i-a) npe 1 fdxcos2x = cot (1) = 0.642 
0 0 


sin? 1 


c) Ifx=y then I[y] = (2/3) = 0.667. 


6-1 6. 
a) Sisarclength 


S =| de + dy? + dz? =| dx iO (sy (2) =| dx TION im xi: dx 
dx dx dx 4 
Treating S and L like a mechanical action and Lagrangian respectively, we find the canonical 
momentum associated with coordinate y 





Because L does not depend on y explicitly, then E-L equation implies that p is constant 
(i.e. dp/dx — 0), then the above equation becomes 


9 
3/2 
—Py- P fax +22 = a(1+22) +B 
p lp 4 4 


where A and B are constants. Using boundary conditions (x = 0, y = 0) and (x = 1, y = 1) one can 
determine the arc equation unambiguously 
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8 ( 9 ym 
X)2————4|14-—x; -1?; and zzx?* 
b) 
Z 
NTA 
LIX 
— m Ij] 7 
ALT TH 
IN I] 
x 
|] 
l1 
y 7 7 
va 
L) 
n 
0 0 
6-17. 


a) Equation of a ellipse 


N 
N 


T uM 
=~ +t =l 
a b 
which implies 
2 2 2 
gan because ARAT 
2 ab a b 


so the maximal area of the rectangle, whose corners lie on that ellipse, is 


Max[A] = Max[4xy] = 2 iab. 


This happens when 
4B ane 
b) The area of the ellipse is A, = zab; so the fraction of rectangle area to ellipse area is then 
Max[A]_ 2 
Ao T 


6-18. One can see that the surface xy = z is “locally” symmetric with respect to the line 
x--y-d-z where x >0,y « 0, z « 0. This line is a parabola. This implies that if the particle 


starts from point (1,-1,-1) (which belongs to the symmetry line) under gravity ideally will move 
downward along this line. Its velocity at altitude z (z < -1) can be found from the conservation 
of energy. 


v(z) = 4-2g(z +1) 
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CHAPTER 





Hamilton's Principle— 
Lagrangian and Hamiltonian Dynamics 


7-1. Four coordinates are necessary to completely describe the disk. These are the x and y 
coordinates, the angle 0 that measures the rolling, and the angle ¢ that describes the spinning 


(see figure). 
9 
d 
VA | y 


Since the disk may only roll in one direction, we must have the following conditions: 





dx cos ¢+ dy sin 9 = R d0 (1) 
ay - tan ó (2) 
dx 


These equations are not integrable, and because we cannot obtain an equation relating the 
coordinates, the constraints are nonholonomic. This means that although the constraints relate 
the infinitesimal displacements, they do not dictate the relations between the coordinates 
themselves, e.g. the values of x and y (position) in no way determine 0 or ø (pitch and yaw), 
and vice versa. 


7-2. Start with the Lagrangian 


L- (ny + at + LÒ cos 6) « (rsin 6) |+ mgt cos 8 (1) 


- 2 | (20 +at) + 2(v, - at) t0 cos 04 CO |+ mgt cos 0 (2) 
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Now let us just compute 


d (a 
dt 


2 = £ [ m(o, + at)! cos 0+ me] 
= mal cos 0— m(v, — at) ( sin 0+ ml’ Ö 


Z. -m(v, * at) £O sin 0- mg! sin 0 


According to Lagrange's equations, (4) is equal to (5). This gives Equation (7.36) 


Ó- S sin 0-- cos 0-0 
4 [ 


To get Equation (7.41), start with Equation (7.40) 


g cos 0, — a sin 6, 
£ 





and use Equation (7.38) 


a 
tan 0, 2 —— 


to obtain, either through a trigonometric identity or a figure such as the one shown here, 


g a 


(eta +a 


cos 0, = 


Inserting this into (7), we obtain 


as desired. 


We know intuitively that the period of the pendulum cannot depend on whether the train is 


accelerating to the left or to the right, which implies that the sign of a cannot affect the 


(4) 
(5) 


(7) 


(9) 


(10) 


frequency. From a Newtonian point of view, the pendulum will be in equilibrium when it is in 
line with the effective acceleration. Since the acceleration is sideways and gravity is down, and 
the period can only depend on the magnitude of the effective acceleration, the correct form is 


clearly Ja^ +97. 
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7-3. 


|a» 


If we take angles 0 and ¢ as our generalized coordinates, the kinetic energy and the potential 
energy of the system are 


1 2 1.4 
T=>m|(R-p)6] +519 (1) 
U =| R-(R-p)cos 0 |mg (2) 


where m is the mass of the sphere and where U = 0 at the lowest position of the sphere. I is the 
moment of inertia of sphere with respect to any diameter. Since I = ( 2/ 5) mp’ , the Lagrangian 
becomes 
1 2% 1 2 42 
L-T-U-zm(R- p) ġ tamp -[R-(R- p)cos 0 |mg (3) 


When the sphere is at its lowest position, the points A and B coincide. The condition A0 = BO 
gives the equation of constraint: 


f(6,4) -(R - p)8- pé - 0 (4) 
Therefore, we have two Lagrange's equations with one undetermined multiplier: 


ôL a . 








80 dloo) 00 

(5) 
eL £5 ead o 
09 dtl op) o6 


After substituting (3) and of /00— R —- p and of /6¢=—p into (5), we find 


-(R- p)mg sin 0- m(R - p) à A(R - p)- 0 (6) 
AAT 
eg mg g-Ap=0 (7) 
From (7) we find A: 
2: = 
5 
or, if we use (4), we have 
a=- m(R-p)Ö (9) 


Substituting (9) into (6), we find the equation of motion with respect to 0: 
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6=-q@’ sin 0 


where ois the frequency of small oscillations, defined by 


7-4 n 


m 
x 
9 
Xx 


If we choose (r,0) as the generalized coordinates, the kinetic energy of the particle is 
= 1 20:2] 1 .2 272 
T => m(i +y )=zm( -r'0 ) 


Since the force is related to the potential by 


ou 
fae 
we find 
u= 2 r? 
a 


where we let U(r = 0) = 0. Therefore, the Lagrangian becomes 
L= - m(i? + re) e r* 
2 a 


Lagrange’s equation for the coordinate r leads to 








[m -mrO + Ar"! «0 





Lagrange's equation for the coordinate @ leads to 
2 (mro) =0 
dt 
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(10) 


(11) 


(1) 


(6) 


Since mr ^0 — is identified as the angular momentum, (6) implies that angular momentum is 


conserved. Now, if we use Z, we can write (5) as 


2 
mi —-—~ + Ar** =0 
mr 
Multiplying (7) by 7, we have 
mrr — a 
mr? 


+ Arr*!=0 





(7) 
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which is equivalent to 


1 aol. u^ 2b d 
pum c emer etes | s = 9 
dt E IPAE a ©) 
Therefore, 
Fray =0 (10) 
dt 


and the total energy is conserved. 


7-5 " 


S. 





Let us choose the coordinate system so that the x-y plane lies on the vertical plane in a 
gravitational field and let the gravitational potential be zero along the x axis. Then the kinetic 
energy and the potential energy are expressed in terms of the generalized coordinates (r,9) as 


d of ; 
T-m(P er) (1) 
U - Cr e mgr sin g (2) 
from which the Lagrangian is 
L-T-U-om(P +1992) 5 mgr sin ó (3) 


Therefore, Lagrange's equation for the coordinate r is 











mr -mro + Ar" +mg sin ó-0 (4) 





Lagrange's equation for the coordinate ¢ is 





E (mri) + mgr cos ¢=0 (5) 











Since m^ is the angular momentum along the z axis, (5) shows that the angular momentum is 
not conserved. The reason, of course, is that the particle is subject to a torque due to the 
gravitational force. 
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7-6 " 








Let us choose £5 as our generalized coordinates. The x,y coordinates of the center of the hoop 
are expressed by 


x=€+Scosa+rsina 
(1) 
y=rcosa+(l-S)sina 
Therefore, the kinetic energy of the hoop is 
T, 


sp 5 M(B HHP) ASIP 


= 5 m| (+8 cos a) +(-Ssin aj roi (2) 
Using I= mr? and S =r¢, (2) becomes 
Th 


1 "M" T 
T m| 28? + £ +424 cos a | (3) 


In order to find the total kinetic energy, we need to add the kinetic energy of the translational 
motion of the plane along the x-axis which is 


Thane 75; MË (4 
Therefore, the total kinetic energy becomes 
T - m$ «(m M)£ «ms cos à (5) 
The potential energy is 
U 2 mgy 2 mg|r cos a. (£ —S) sin a | (6) 
Hence, the Lagrangian is 
l= mS? + zn + M) + mé$ cos a - mg|r cos e (1 - S) sin a| (7) 


from which the Lagrange equations for ¢ and S are easily found to be 











2m5 + mé cos æ — mg sin a =0 (8) 








(m4 M)£* mS cos a - 0 (9) 
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or, if we rewrite these equations in the form of uncoupled equations by substituting for é and 


S , we have 


2 
[2 S52 |s- gsin a0 





m+M 
(10) 
= mg sin a cos & 
———.2(m-* M)- mcos! a 
Now, we can rewrite (9) as 
£ [(m+M)E+m$ cosa]- 0 (11) 


where we can interpret (m+M J as the x component of the linear momentum of the total 


system and mS cos æ as the x component of the linear momentum of the hoop with respect to 


the plane. Therefore, (11) means that the x component of the total linear momentum is a 
constant of motion. This is the expected result because no external force is applied along the 
x-axis. 


7-7. 





If we take (4, h) as our generalized coordinates, the x,y coordinates of the two masses are 
x, = / cos ¢, | 


y, = ^ sin ¢, 


(1) 


x, = l cos ¢, + / cos ¢, 
| . 


y; = sin 4, + / sin ¢, 
Using (1) and (2), we find the kinetic energy of the system to be 


m 
4 —— 


r-T(u«) (6) 


2 


= 5 g Ká + oy + $5 + 26,9, (sin g, sin Ø, + cos g, cos $.)] 


= P [ft + 6 +2 cos(Às - M 
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The potential energy is 
U =—mgx, — MgX, = —mg | 2 COS ¢, + cos g, | (4) 
Therefore, the Lagrangian is 
. 1. n 
L=me [s + 59 + $$, cos(¢, — s)| + mgt|2 COS ¢, + cos $ | (5) 
from which 
OL 


y” hh sin(ó -4,)- 2mgt sin f 
OL u 3 2 = 
FÁ $, + ml’, cos(¢, - 9.) 


1 


OL Qm x E = i 
age "E Ah Sin (A — dh) - mgt sin d 
eL = 2* 2: ee 

a7 p, + ml", cos(¢, — dy) 


The Lagrange equations for ¢, and ¢, are 


26, + à; cos(, - 4) + 6 sin (4, - g,)+2 sin ¢, =0 (7) 














by + à cos( 4, - &)- 6 sin(9,~ &.) + sin h =0 (8) 





7-8. 








Let us choose the x,y coordinates so that the two regions are divided by the y axis: 


U x<0 
U, x>0 
If we consider the potential energy as a function of x as above, the Lagrangian of the particle is 
1 
L-—m(xX -y)-u(x 1 
; "(2 +9) -U(x) (1) 


Therefore, Lagrange’s equations for the coordinates x and y are 
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my =0 
Using the relation 


- . dP, "Pie P, dp, 
mX--——mx- = = 
dt dx dt m dx 





(2) becomes 


P, dP, " dU (x) 





0 
m dx dx 


Integrating (5) from any point in the region 1 to any point in the region 2, we find 


2 


P. dP *du 
pRB ie [OO 





dx =0 
T m dx i 
p? p? 


X2. o% 


+U, -U, =0 
2m 2m 








or, equivalently, 


jn HU, -jmü HU, 
Now, from (3) we have 
— my =0 
dt 
and my is constant. Therefore, 
my, = my; 
From (9) we have 


ME gers 
2 my; = 2 mý; 
Adding (8) and (10), we have 


1 
yma +U, -5mo +U, 
From (9) we also have 


mv, sin 0, = mo, sin 0, 
Substituting (11) into (12), we find 
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(2) 
(3) 


(4) 


(5) 


(6) 


(7) 


(8) 


(9) 


(10) 


(11) 


(12) 


(13) 


190 CHAPTER 7 


This problem is the mechanical analog of the refraction of light upon passing from a medium of 
a certain optical density into a medium with a different optical density. 


7-9 " 











Using the generalized coordinates given in the figure, the Cartesian coordinates for the disk are 
(dcos a, -—€ sin o), and for the bob they are (/ sin à + cos ao, —/ cos $— €sin o). The kinetic 
energy is given by 


T = Taisk + Thob -| MP +5 10° |+ 5 min + a) (1) 


Substituting the coordinates for the bob, we obtain 
T= 3(M +m) 2 += 10? + mig? + me ge cos( +a) (2) 
The potential energy is given by 
U = Uaisk + Uso = M8Y aise + MSY bon =—(M +m) gësin a—mgt cos ġ (3) 


Now let us use the relation € = R@ to reduce the degrees of freedom to two, and in addition 
substitute I = MR?/2 for the disk. The Lagrangian becomes 


L=T-U= (SM eim) E? + mep + mtóé cos(ó- a) « (M + m)g£sin at mgl cos ġ (4) 


The resulting equations of motion for our two generalized coordinates are 


(Mem) &-(M- m)g sin a mí| ġcos(ø+ a)- p sin(¢+ a) |=0 (5) 


p+ 7 Écos( dra) - É sin g=0 (6) 
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Let the length of the string be / so that 


(S-x)-y-t (1) 
Then, 
i-- (2) 
a) The Lagrangian of the system is 
L-7 Mi? +5 Mj? - Mgy = Mj? - Mgy (3) 
Therefore, Lagrange's equation for y is 
GO SCENE) (4) 
dt Oy Oy 
from which 
"Ns 
ros 5 
j--5 6) 
Then, the general solution for y becomes 
v(t) --t P «Ct, (6) 


If we assign the initial conditions y(t 20) 20 and y(t=0)=0, we find 








y(t)»-&£ (7) 








b) If the string has a mass m, we must consider its kinetic energy and potential energy. These 
are 


1 . 
Trg = 2 my’ (8) 





Adding (8) and (9) to (3), the total Lagrangian becomes 


: 1 cf 
L- Mj! - Mays z mj! «TE y? (10) 


Therefore, Lagrange's equation for y now becomes 


(2M e m) - T y Mg - 0 (11) 
In order to solve (11), we arrange this equation into the form 
. mg m 

2M + =— | y- — 12 

(2M+m)y=— |n - (12) 
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2 2 
Since u Ẹ m = T y , (12) is equivalent to 
m 





dt d 
d? M? mg | x 
= 13 
"ub " £(2M +m) "m (3) 
which is solved to give 
y- "= Ae + Be" (14) 
where 
mg 
= 15 
"a (2M +m) 2d 





If we assign the initial condition y(t=0)=0; y(t=0)=0, we have 








A=+B= a 
2m 
Then, 
y(t) = Mt (1 —cosh yt) (16) 
m 
7-1 1 " 





The x,y coordinates of the particle are 


x -Rcos wt + Rcos(¢+ ot) 
(1) 
y=Rsin ot + Rsin(¢+ at) 


Then, 


x=—Ro sin ot -R(ġ+ o) sin(¢+ ot) 
(2) 
y = Ro cos ot + R(ġ+ o) cos(¢+ at) 


Since there is no external force, the potential energy is constant and can be set equal to zero. The 
Lagrangian becomes 


HAMILTON'S PRINCIPLE—LAGRANGIAN AND HAMILTONIAN DYNAMICS 193 


L=5m(#+/) 


= [Ro +R’ (ġ+ o + 2R*o(o+ o) cos A (3) 
from which 
o - -mR'o($ o) sin ø (4) 
d oL d 2(: 
dos a (b+ @+@cos g) | (5) 


Therefore, Lagrange's equation for ø becomes 


6 


which is also the equation of motion for a simple pendulum. To make the result appear 
reasonable, note that we may write the acceleration felt by the particle in the rotating frame as 


a- o R(i' el) (7) 


where the primed unit vectors are as indicated in the figure. The part proportional to e; does 


not affect the motion since it has no contribution to the torque, and the part proportional to i' is 
constant and does not contribute to the torque in the same way a constant gravitational field 
provides a torque to the simple pendulum. 


7-1 2. 


m 


Pa 


Put the origin at the bottom of the plane 





L-T-u-zm(Per  - mgr sin 0 
0= at; ü-a 
L= z m(i? +a? r°) — mgr sin at 
2 
Lagrange's equation for r gives 
mi = mor — mg sin at 
Or 


Y — or -—-g sinat (1) 
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The general solution is of the form r — r, +r, where r, is the general solution of the 


homogeneous equation 7? — a?^r 20 and r, is a particular solution of Eq. (1). 
So 
n, = Ae" + Be ^ 
For r,, try a solution of the form r, =C sin at. Then 7, - -C o? sin at . Substituting into (1) gives 
-C à? sin at - C a’ sin at = -g sin at 


EN 


2o 





So 


r(t)= Ae" + Be ^ + » sin at 
a 


We can determine A and B from the initial conditions: 
Fig. Q) 
;(0)20 (3) 
(2) implies r, - A+B 





(3) implies 02 A- B « » 


a 


Solving for A and B gives: 














2 a a 
or 
r(t)=1 cosh at + $ (sin at —sinh at) 
^0 2 
a 
7-1 3. 
a) 


p —Ħa 
/ 
m 
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x= Sal —bsin 
y=—bcos 0 

X = at — bð cos 0 
y - bü sin 8 


L-zm(P +4°)-mgy 


- i m(a°t? —2at bò cos 04 b°6") + mgb cos 


ca DR I ae ives 
dio o0 È 
[mat b cos 0+ mb?0 | = mat bÓ sin 0 — mgb sin 0 


This gives the equation of motion 





tS sino- cos 9-0 
b b 








b) To find the period for small oscillations, we must expand sin 0 and cos 0 about the 
equilibrium point 6,.We find 6, by setting 0— 0. For equilibrium, 


g sin 0) =4 cos 6; 


or 


Using the first two terms in a Taylor series expansion for sin 0 and cos 0 gives 
f(0)- f(&,)* f'(0)], (0-4) 
sin 0 — sin 6) «(0— 0,)cos A 
cos 0 = cos 0; -(8- 0,)sin 0, 
tan @ = a implies sin 6, = M MM j 
8 la +g? 


uu 


cos h) = -== 
a +g 
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Thus 


sin 8- ——À— (a g6- gà) 
a +g’ 


cos TEL a0, ) 
a +g 


Substituting into the equation of motion gives 





0= 6+ _(a+ go 39) 


a 
ba? + g? bJa? +g 


= (g a0 4 a0, ) 


This reduces to 





piste V Ng d, 
b b 


The solution to this inhomogeneous differential equation is 


0 — 0, + A cos w0 + B sin o0 








where 
" (g 4 a) / 
D^? 
Thus 
20 2x b? 
æ dae) 
7-1 4. 


N 


m 


x=bsin0 

e E T 
2 

x =b0 cos 0 

y =at 4 bÓsin 0 


T= i m(x? + y^) -ln(ro t a? +2abt@sin o) 
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U=mgy = ng >a -b cos J 


L=T-U = x aà^t? + 2abtÓÜ sin o) + mg( b cos 9-4 at?) 


Lagrange's equation for 0 gives 
màs mabt sin 0| = mabt@ cos 0 — mgb sin 0 
b^0-- ab sin 6+ abtÓ cos 0 = abt cos 0 — gb sin 0 


pu 9 aded 























b 
For small oscillations, sin 0— 0 
64 218 9... 
b 
Comparing with 6+ 0^0 - 0 gives 
T= a =27 i 
o at+g 
7-1 5. 
9 Ak 


m 


b = unextended length of spring 


£ = variable length of spring 
1 %2 2 72 
T--m(Pe-rd, 
2 
1 2 1 2 
U-jk(t-b) +mgy - k(¢—b) -mg (cos 0 
1 72 2g 1 2 
L=T-U==m(0? +0 &)-—(¢-b)’ +mg (cose 
2 2 
Taking Lagrange’s equations for / and @ gives 


tE [mi] -më -k(l -b)+ mg cos 6 
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6: [mE] - —mg l sin Ó 


This reduces to 








į u b)-g cos 0-0 
m 


E 7 ie ee er 
e 0 





7-1 6. 





For mass m: 


x—asin ot +b sin 0 

y = —b cos 0 

X = ao cos wt + bô cos 0 

y - bÓ sin 8 
Substitute into 

T= : m(x? ey) 
U=mgy 
and the result is 
L=T-U= ; m(a^a* cos? ox + 2abo cos at cos 0+ bà + mgb cos 0 

Lagrange's equation for 0 gives 


£ (mabe cos at cos 0 + mbò) = -mabwó cos at sin 0— mgb sin 0 


—abo? sin ot cos 0 — abo cos at sin 0-- b^0 = — abe cos ot sin 0— gb sin 0 


or 











b+ È sin Toy sin ot cos 0 - 0 
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7-1 7. 








Using q and 0 (= wt since 0 (0) = 0), the x,y coordinates of the particle are expressed as 


x-hcos 04 q sin 0=hcos ot + q(t)sin ot 
y =h sin 0-qcos 0- h sin ot — q(t)cos ot | 
from which 
x =—ho sin ot + qo cos ot + q sin øt 
y = ho cos ot + qo sin ot — q cos at | 


Therefore, the kinetic energy of the particle is 


T--w(P +i) 


= m (ka? tq + i) - mhodq 
2 

The potential energy is 

U = mgy = mg(h sin wt — q cos at) 
Then, the Lagrangian for the particle is 

L= i mh’ o + : mgo? + B mq —mgh sin ot + mgq cos ot — mhag 
Lagrange's equation for the coordinate is 
j—o!q- g cos ot 

The complementary solution and the particular solution for (6) are written as 


q. (t) = A cos (iot + 6) 


qp (t) 2 — r cos ot 





so that the general solution is 





q(t) = A cos (iot + 6) - x cos at 


Using the initial conditions, we have 
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(2) 


(7) 
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(0) - A cos 3-5, -0 


(9) 
j(0) =-i@A sin 6 =0 














Therefore, 
$ 
ó-0,A- 10 
20° (10) 
and 
q(t) = £ (cos ict — cos ot) (11) 
20° 
or, 
q(t) = So (cosh wt — cos et) (12) 





>t 





In order to compute the Hamiltonian, we first find the canonical momentum of q. This is 
obtained by 


OL 
-— -mq-moh 13 
Therefore, the Hamiltonian becomes 
H=pq-L 
oo ngt np 1l 22 1 +2 : = : 
pu ae eae + mgh sin wt — mgq cos ot + magh 
so that 
H =~ mq? —~ mah? lm + mgh sin øt- t 14 
E is UE] + mgh sin ot — mgq cos o (14) 


Solving (13) for 4 and substituting gives 





2 


Hz L + ohp — ; ma’ q^ + mgh sin wt — mgq cos at (15) 
m 











The Hamiltonian is therefore different from the total energy, T + U. The energy is not conserved 
in this problem since the Hamiltonian contains time explicitly. (The particle gains energy from 
the gravitational field.) 
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7-1 8. 








From the figure, we have the following relation: 
AC = £-s=¢-RO 
where ĝis the generalized coordinate. In terms of 6, the x,y coordinates of the mass are 
x= AC cos 0+ R sin 0 - (( — RÓ)cos 6+ R sin 0 
y =R cos 0- AC sin 0 =R cos 0— (0 — RO)sin 0 
from which 
<= ROO sin 0— (Üsin 0 
y = ROO cos 0- (0 cos 0 
Therefore, the kinetic energy becomes 
1 “2 2| 1 202 2p 72 2 
T= m(i +y )ezn|t P+ ROP -2R(96 | 
The potential energy is 
U =mgy = mg| R cos 0- (£- RO) sin 6] 


Then, the Lagrangian is 


L=T-U -i mle + R8! — 2RLOÈ? |- mg[R cos 0- (€ — R6) sin 6] 


Lagrange's equation for ĝis 
(4 - RO)Ó— R£? - 2 cos 0-0 
Now let us expand about some angle 0), and assume the deviations are small. Defining 


€=0-06,, we obtain 


za g sin A p- 898 0, 
L- R6, L- R6, 
The solution to this differential equation is 


cos Ó, 


&- Asin(ot + ó) - — 
sin 6; 


where A and dare constants of integration and 
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(1) 


(2) 


(3) 


(8) 


(9) 
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"T g sin 0, (10) 
£ — R6, 


is the frequency of small oscillations. It is clear from (9) that 0 extends equally about 0, when 
9; = 2/2. 


7-1 9. 





mg 


Because of the various constraints, only one generalized coordinate is needed to describe the 
system. We will use ¢, the angle between a plane through P perpendicular to the direction of the 
gravitational force vector, and one of the extensionless strings, e.g., /,, as our generalized 
coordinate. 


The, the kinetic energy of the system is 


1 2 1 M 
T- m (49) +5 m,(¢29) (1) 
The potential energy is given by 
U =-m,g¢, sin(z - (9 0))- m,g^, sin ġ (2) 


from which the Lagrangian has the form 
L=T-U= EC * myl3) 8 t mg, sin(¢+ 6) +m,gl, sin ó (3) 


The Lagrangian equation for ¢ is 

m,gl, cos d+m, gl, cos(d+ 0) -(m,t5 + m,03)b=0 (4) 
This is the equation which describes the motion in the plane m,,m,, P. 
To find the frequency of small oscillations around the equilibrium position (defined by ¢= ¢, ), 


we expand the potential energy U about ø: 


u(9) - u(&,) «u'(& 6» z U" (dy) P+ 


Lint \ a 
E (%)¢ (5) 


where the last equality follows because we can take U(¢,)=0 and because U'(¢,)=0. 


From (4) and (5), the frequency of small oscillations around the equilibrium position is 
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oe UA) 


d m, em, 
The condition U'(¢,)=0 gives 


m0, + m, £, cos 0 





tan 9, — 
f m£ sin 0 


or, 


m,l, + ml; cos 0 





sin ø) = TA 
(mi -m205 4 2mm, cos 0) 


Then from (2), (7), and (8), U"(d,) is found to be 
U" (f) g sin d (mt, m, cos 0-- m,!, sin 0 cot ø) 


gml, +m,l, cos 0) 





m0; sin? 0 





m,l, + ml; cos 0+ 


z 1/2 
(me? tm + 2m,m,l,l; cos 0 > ml, + mt, cos 0 


z g(mi + m2 + 2m,m,l,l cos 0^ 
Finally, from (6) and (9), we have 


12 
(mii tm; + 2mm, cos o) ! 


(m, - m5) 


EA 
which, using the relation, 
£6-d 

255 


cos 0 = 


can be written as 





E g| (m, + m (m, + m43) -d'mm, n" 





QO = 





(må + m43) 
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(6) 


(7) 


(8) 


(9) 


(10) 


(11) 


(12) 


Notice that w* degenerates to the value 2// appropriate for a simple pendulum when d —> 0 


(so that /, — /;). 
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7-20. The x-y plane is horizontal, and A, B, C are the fixed points lying in a plane above the 
hoop. The hoop rotates about the vertical through its center. 





The kinetic energy of the system is given by 





3 2 
Tli MS oom =| g (1) 
2 2 2 2 |08 
For small 6, the second term can be neglected since (d2/ ô 0), . =0 
The potential energy is given by 
U = Mgz (2) 


where we take U = 0 at z = -/. 


Since the system has only one degree of freedom we can write z in terms of 0. When @= 0, 
z -—f. When the hoop is rotated thorough an angle 6, then 


z^ = -(R- R cos 6) - (R sin 0) (3) 
so that 
z=—[¢? & 2R (cos 0- 1)]" 
and the potential energy is given by 
U - -Mg| ? «2R' (cos 6-1) |" (5) 


for small 0, cos 9-12 —6"/2 ; then, 











gigi |" 
uz -Mgt1- 7 | 
Re 
= -Mgl h ey: | (6) 
From (1) and (6), the Lagrangian is 
2 
L-T-u-lMRé.Mgt Eai j (7) 
2 20? 
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for small @ The Lagrange equation for 0 gives 
pt S. 9-0 
4 
where 


O= 


s 
[ 


which is the frequency of small rotational oscillations about the vertical through the center of 


the hoop and is the same as that for a simple pendulum of length /. 


7-21. 


c 





From the figure, we can easily write down the Lagrangian for this system. 


T- us (P +@° sin? o) 


U = -mgR cos 0 





The resulting equation of motion for 0 is 
0— o sin 0 cos 0+ Š sin 0-0 


The equilibrium positions are found by finding the values of 0 for which 


0-8| -(&? cos a, - £ sina, 
6-8, R 


Note first that 0 and z are equilibrium, and a third is defined by the condition 


& 
eR 


To investigate the stability of each of these, expand using &- 0-6, 


cos 0) = 





E o? cos 0, — S ggin o) (sin 6, + £ cos 6;) 


eR 
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(9) 


(1) 


(4) 
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For 0, 2» z , we have 














M g 
i-o Ear (7) 
indicating that it is unstable. For 6, 20, we have 
$8 
= ( s ^ 8) 


which is stable if @* < g/R and unstable if w* > g/R. When stable, the frequency of small 
oscillations is ,/@? — g/R . For the final candidate, 


é=-@ sin? Qe (9) 


with a frequency of oscillations of 4| — ( g/ oR) , when it exists. Defining a critical frequency 


œ? = g[R, we have a stable equilibrium at @ =0 when o « c, , and a stable equilibrium at 


= cos ‘(a 2o 2) when o2 @,. The frequencies of small oscillations are then @,/1- (o, / o) 


and @,/1- (o, Jof , respectively. 


To construct the phase diagram, we need the Hamiltonian 


Hz E -L (10) 
08 
which is not the total energy in this case. A convenient parameter that describes the trajectory 


for a particular value of H is 





les bs >) sm DEL (11) 


so that we'll end up plotting 
y 


=2( K +cos 0) fe) sin? 0 (12) 
cal es) 


for a particular value of @ and for various values of K. The results for œ< o, are shown in 
figure (b), and those for œ > o, are shown in figure (c). Note how the origin turns from an 
attractor into a separatrix as @ increases through o,. As such, the system could exhibit chaotic 
behavior in the presence of damping. 
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7-22. The potential energy U which gives the force 


F(x,t)- 5 e? (1) 
x 
must satisfy the relation 
ou 
F=-— 2 
e (2) 
we find 
u - et (3) 
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Therefore, the Lagrangian is 











pepe ee (4) 
2 x 
The Hamiltonian is given by 
OL 
H=p,x-L=x—-L 5 
P. = 6) 
so that 
2 
Ha Pe Kee (6) 
2m x 











The Hamiltonian is equal to the total energy, T + U, because the potential does not depend on 
velocity, but the total energy of the system is not conserved because H contains the time 
explicitly. 


7-23. The Hamiltonian function can be written as [see Eq. (7.153)] 
H= D pġ j-L (1) 
j 


For a particle which moves freely in a conservative field with potential U, the Lagrangian in 
rectangular coordinates is 


L-zn(g ej +2)-U 


and the linear momentum components in rectangular coordinates are 


Or 
Pa OR 
p, =my (2) 
p- = mz 


H =| mx? + mi? em]- inçe +9? +#)-u] 
-n(gejefreu-enen) (3) 


which is just the total energy of the particle. The canonical equations are [from Eqs. (7.160) and 
(7.161)] 
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pe, DU 

Px = mx ag 

i f ou 

a ale mt 
ou 

Pi mz Oz Zz 


These are simply Newton’s equations. 


7-24. 


Ut) 


m 
The kinetic energy and the potential energy of the system are expressed as 
T==m(2+06)==m(a? +26) 
2 2 
U = -mgt cos 0 
so that the Lagrangian is 


L=T-U => me^ + PO) + mgt cos 0 


The Hamiltonian is 








: aL . 
Hence ipi 
Pe 0 
2 
= Fe. | no? mgl cos 0 
2m/ 2 
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(4) 


(3) 


which is different from the total energy, T + U. The total energy is not conserved in this system 


because work is done on the system and we have 


L (T4U)«0 
dt 


(4) 
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7-25. 








In cylindrical coordinates the kinetic energy and the potential energy of the spiraling particle 
are expressed by 


juu m| i +O + Z| 
2 (1) 
U = mgz 
Therefore, if we use the relations, 
z-k0  ie,z-kÓ 
(2) 


T = const. 


the Lagrangian becomes 





1 P E 
pm B +Z° |—mgz (3) 
Then the canonical momentum is 
OL r? 
=—=m|—41]z 4 
or, 
zz E Z (5) 
m E + T 
k? 
The Hamiltonian is 
2 
H=p,ż-L=p, = - *mgz (6) 
"Een 2m Ie 
or, 
1 
H= 5 —— + MZ (7) 
m E + T 


Now, Hamilton's equations of motion are 


HAMILTON'S PRINCIPLE—LAGRANGIAN AND HAMILTONIAN DYNAMICS 211 


(0H... OH 





eer me 8 
az Op, i (8) 
so that 
eH : 
cu ee (9) 
Z 
LZ Á— (10) 


Taking the time derivative of (10) and substituting (9) into that equation, we find the equation 
of motion of the particle: 


(11) 








It can be easily shown that Lagrange's equation, computed from (3), gives the same result as 
(11). 











7-26. 
a) 
m 
1 292 
L-T Home 0 —mgy 
1 272 
L--—mí'0* + mgt cos 0 
2 
OL ; 
Po= aaa mee 
so 
_ Pe 
ml? 


Since U is velocity-independent and the coordinate transformations are time-independent, the 
Hamiltonian is the total energy 


2 


Herte -mgl cos 0 
2ml 


2 





The equations of motion are 
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x Po an ne 
Op, me 00 
b) 
| | 
L-x 
| 1 
m, 
- Mm, 
22 
T-lmgillmgu.lit. 
2 2 2 a 


where I = moment of inertia of the pulley 


U =—mgx-m,g(¢-2) 
OL eT | 


I |. 
=== +m, +— |x 
Px OX Ox D 2 =| 
So 


gan — 




















pese 
m, +m, +- 
a 
H=T+U 
p. 
H= mg mg(t- x) 
meme 
The equations of motion are 
r2 P. ; 
Px olm eme 
; se l -m,g = (m -m,) 
Px Op, 18 — Mhag = S UT — Th», 
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7-27. 


a) 





m 


X;, Y; = coordinates of m, 
Using /, 0 as polar coordinates 
X, =X; + l cos 0 
Y, =Y, +£sin 8 
ž, =% + l cos 0- £Üsin 0 (1) 
Y, = iJ, +4 sin 0+ LÒ cos 0 (2) 
If we substitute (1) and (2) into 
TT 1 
L=T-U==m,(%2 +y) m (i -gi)--k(t-by 
2 2 2 
the result is 
L= lp, + m,)(3; + 31) + zs (? + eg) 
2 2 
: : 1 
+m, (x, cos 0+ jj, sin 0) + m,tO(y, cos 0- x, sin 0)— $e by 
The equations of motion are 


X, n + m,)x,+m,0 cos 0 — m, 0 sin 0|- 0 


= MX t MX =P, 


So p, = constant 


V on + m, ) i, + mt sin 04 m0 cos 0|-0 


= MY, my, = p, 


So p, = constant 


l: ST mai 4 m, (x COS 0+ jJ, sin 0) | =m 6 —k(¢—b) + m;e(y, cos 0 — x, sin 0) 


which reduces to 
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i -(8 +X, cos 0 ij, Smo IE 
m 


2 








0: LEE m;((y, cos 0— x, sin o) ] 
- -m,l (x, sin 0— jj, cos 0) + m, Ó(—, cos 0- jj, sin 8) 


which reduces to 





x 2 cosÓü . sind. 
dum X 


t+ 
e” 











b) As was shown in (a) 


oL 
—— =p, - constant 
Ox, 
OL : 
8j =p,=constant (total linear momentum) 
1 


c) Using L from part (a) 


L . : ; 
Pr, (n +m, )žı + mj! cos 0— m, 0 sin 0 
1 
OL : 7 ; 
fa *5, 708 tm, )3, + m,£ sin 0—m,/0 cos 0 
1 
OL : m : 
P, ae m,X, cos 0 * my, sin 0+ m, 


P = mlx, sin O+m,ly, cos 0-- m, 0 


Inverting these equations gives (after much algebra) 





x -+ — r PEE | 
= m Pa — Pe 7 Po 
CEA! ; cos 0 

ncn Py Pe irese iy 


] 1 ] m, +m 
id oy, cos 0— p, sin o Mbt p, 


1 
pe sin 0 — cosa PEE T 
m, Px, Py, ml Po 


Since the coordinate transformations are time independent, and U is velocity independent, 
H=T+u 


Substituting using the above equations for d; in terms of p, gives 
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1 m, +m Do 
E xA: P, mst H 2p, (Pa cos 0+ p, sin 6) 


p . 1 2 
+ a sin 0- p, cos o) |+ PU —b) 


The equations of motion are 























_ OH — Lj cos 9, SI 8 | 
ES ap, = m, Px, Pe 7 Po 
- sing? | 
Yı at Op,, "T m Py Pe f£ Po 
(= o ee P, — Px, cos 0— p, sind 
Op. n, m, i 2 
M NS TL M py ps sin 0— p, cos 8 
Op, m, ms a 
: oH : oH 
Bcc N Pues e 
E OV, 
p,- eH (m *mj)po | Ps sin 0- cos 0) k(^ - b) 
L et mm? m, Px, Py, 
Po -2 x (- Px, sin A+ p, cos 6)- Zr. cos 0+ p, sin 6| 


Note: This solution chooses as its generalized coordinates what the student would most likely 
choose at this point in the text. If one looks ahead to Section 8.2 and 8.3, however, it would 
show another choice of generalized coordinates that lead to three cyclic coordinates (xo, yo, 


and 0), as shown in those sections. 


7-28. F--kr? so U--kr! 





OL es p. 
p,-—-mr so r= 
or m 
oL 2; Po 
=— = 0 0- 
19 7 en mr? 


Since the coordinate transformations are independent of t, and the potential energy is velocity- 
independent, the Hamiltonian is the total energy. 
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H-T«U-lm(Perg)-5 
2 


1 p. 2 Do k 
-in| Br mr* or 


p. Po k 


uc 2mr r 








Hamilton's equations of motion are 





oH p, 0- ôH — acm 
op, m Op, mr? 


T= 


OH p; k 
'" Qr mr? r 





M -0 
Po= -5g 








7-29. 


i3 
| 97m 


b = unextended length of spring 





£ = variable length of spring 


a) x=/fsin 0 x= sin 0+ /Ócos 0 
y= sat? - (cos y =at- - ( cos 04 (0 sin 0 


d. usos 
Substituting into T — 5 m(x? + y^) 


U - mgy ez k(t- bj 


L-T-U-zm[P «P9 et ? + 2at( lò sin 0— icos )}+mg{ (cos 0- | Ke by 


Lagrange's equations give: 


ag k 
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t5 mi - amt cos 0|- ml + mató sin 0-- mg cos 9 —k(4 — b) 


0: E meos mat! sin J = mat! sin 0— mgl sin 6+ mat( 0 cos 0 


Upon simplifying, the equations of motion reduce to: 





-- k 
$£-49 — 04 —(£—b)z0 
(a+ g) cos * d ) 


2 


arg 











0x7 104 sin 0-0 
b) ee) eT or ¿=P +atcosé (1) 
|. et m 
p, = 2L mf matt sin 8 
00 
Po  atsinQ 
- m 2 
T Vme l e) 


Since the transformation equations relating the generalized coordinates to rectangular 
coordinates are not time-independent, the Hamiltonian is not the total energy. 


Hs » pj -L- pl + pob- L 
Substituting (1) and (2) for / and 0 and simplifying gives 


P NEM 
2m 2ml 





-Zp sin 0+ atp, cos 6 K(t-b' + mga? -mgl cos 0 


The equations for @ and / are 





Quo lah a 


=—;-— sind 
Op, mt 4 
je Pr dU. aonenswiduljand) 
m 





The equations for p, and p, are 




















M AE ee 0 
p=- T= —S Po sin O- k(1- b) + mg cos 0+ D 
or 
o at ; TED Po 
Peta Pe sin O+ (4— )- mg cos O+— 5 —0 
y - S7 - p, cos 0+ at p, sin O- mg! sin 6 
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or 











b - T p, cos 0 — at p, sin 0+ mgl sin 0 —0 





CG 
c) sin @=80,cos tas Shea 


Substitute into Lagrange’s equations of motion 





"I. C| k 
l-1? — 1-— |+—(¢-b)=0 
(es) dT ) 
642704278 9 alo _4 
[ l l 


For small oscillations, 0«1, ġ<« 1, / « 1. Dropping all second-order terms gives 


[ELE meee: 
m m 








TEA 9.9 
4 
For 0, 
Pees £ 
e at+g 











The solution to the equation for / is 


f= 


homogeneous +4 particular 


= Acos |É t+ Bsin [E t+ (ns g) et 
m m k 


So for £, 








guy, — 
o) 








7-30. 
a) From the definition of a total derivative, we can write 


dg O8 >} O8 Og, , Og Op, (1) 
dt ot |q, Ot Op, dt 





Using the canonical equations 
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og, . OH 
op, 
(2) 
Op, . _ H 
0t 1*7 ag, 





we can write (1) as 





dg Og. |& ôH ag e 3) 
k 











dt at Oq, Op, Op, Ôq; 
or 
dg _ ôg 
8 78 H 4 
Ht ob 8? ] e) 
Od; OH 
b a ec 5 
) 7^5 op ©) 


According to the definition of the Poisson brackets, 


[s u]-X 2 oH xu a] (6) 
á T ôk Op, Op, OMe 





but 
m» ôq; - 
=— = 06, and —--0 for any j,k (7) 
op 
then (6) can be expressed as 


(8) 





bj--L— () 
|^ 84, 
so that 
Op; Op; 
p,u-x 28r mae (10) 
TL OG, Op, | Op, OF 
but 
Op; Op. 
AE ô, and MEET for any j,k (11) 
Op, ^' ôq; 


then, 
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(12) 
Op, 9P; Op, P; | 
c) pi |= (13) 
ni] 3| ôq, Op, 0p, Oq, 
since, 
PP o Goran ke (14) 
ôq, 
the right-hand side of (13) vanishes, and 
|pep; |=0 (15) 
In the same way, 
[n ]- | : j = j (16) 
T| ôq, Op, Op, ôq, 
since 
ôq; - ; 
—=0 for any j, (17) 
9p, 
the right-hand side of (16) vanishes and 
[ 1-4; ]|-0 (18) 
d) 
E OG, OP; 0g, OP; | 
[an] z| ôq, Op, p, ôq, 
=$ 050; (19) 
or, 
[ap] -Óy (20) 
e) Let 2(p,,q,) bea quantity that does not depend explicitly on the time. If e(p,,q,) 
commutes with the Hamiltonian, i.e., if 
[g,H ]-0 (21) 
then, according to the result in a) above, 
d 
S o (22) 


dt 


and g is a constant of motion. 
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7-31. A spherical pendulum can be described in terms of the motion of a point mass m on the 
surface of a sphere of radius /, where / corresponds to the length of the pendulum support rod. 
The coordinates are as indicated below. 











=y 
The kinetic energy of the pendulum is 
Leg oe hy ae E . 
peo LE + 5 L@ = 5 mt^ ( sin? 0+ 6") (1) 
and the potential energy is 
U = mgt cos 0 (2) 
The Lagrangian is 
L-zmP(j sin? 0+ 6 - mg! cos 0 (3) 
so that the momenta are 
OL ; 
po= p= m À (4) 
p, 5 =m’ sin? 0 (5) 


The Hamiltonian then becomes 


H=p,0+ pips m (gf sin? 0+ | mgt cos 6 





2 
7 I *v(op, 


which is just the total energy of the system and where the effective potential is 
Do 
E 0 
Vo, ps) = oa Gt mgt cos 0 (7) 
When p, =0, V(80) is finite for all 6, with a maximum at 0 0 (top of the sphere) and a 


minimum at 0= z (bottom of the sphere); this is just the case of the ordinary pendulum. For 
different values of p,, the V-0 diagram has the appearance below: 
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us 
2| P,=0 
When p, » 0, the pendulum never reaches 0= 0 or 0— z because V is infinite at these points. 


The V—@ curve has a single minimum and the motion is oscillatory about this point. If the total 
energy (and therefore V) is a minimum for a given p yO is a constant, and we have the case of a 


conical pendulum. 


For further details, see J. C. Slater and N. H. Frank, Mechanics, McGraw-Hill, New York, 1947, 
pp. 79-86. 


7-32. The Lagrangian for this case is 
L-T-u-zm(P eren sin? áp). (1) 
r 


where spherical coordinates have been used due to the symmetry of U. 


The generalized coordinates are r, 0, and ¢, and the generalized momenta are 


P, = or = mr (2) 
oL ; 

Po = aD" mr^ (3) 

Py 53 =mr’psin? 6 (4) 


The Hamiltonian can be constructed as in Eq. (7.155): 


H= pit pO po - L 
- Lg(p £10 +r’ sin? gr 
2 r 


2 2 2 
caso em (5) 
2|m mr mr sin’ @| r 





Eqs. (7.160) applied to H as given in (5) reproduce equations (2), (3), and (4). The canonical 
equations of motion are obtained applying Eq. (7.161) to H: 





, 9H kp, P 
P, = ôr r m° mr) sin? @ 


(6) 


HAMILTON'S PRINCIPLE—LAGRANGIAN AND HAMILTONIAN DYNAMICS 223 





dH picoto 
E — y 
Pe 860 mr? sin? 6 ”) 
oH 
ncc unn 8 
Ps 0ó (8) 


The last equation implies that p, = const , which reduces the number of variables on which H 
depends to four: r, 6, p,, p: 


2 
t k 
_ 2,Po, const | k j 
2m E r? orsnor e 


For motion with constant energy, (9) fixes the value of any of the four variables when the other 
three are given. 


From (9), for a given constant value of H = E, we obtain 





2 sin? O+const 2mk |" 
p= [mz Easier ret —— (10) 
T^ sin’ 0 T 











and so the projection of the phase path on the r —- p, plane are as shown below. 


V2mE} 











7-33. 














My 


x 
Lx’ 














Ms 
Neglect the masses of the pulleys 


2 





T= mi em i «zm i-i) 








U 2 -m,gx —m,g(( —x-x')- m4g(t— x t" —x') 
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CHAPTER 7 
.2 1 Nm UN 
L= n +m, + my) x + Pi t my) x! + ix'(m, = m,) 
t g(m, -n, -m,)x+ g (m, = m,)x' + constant 
We redefine the zero in U such that the constant in L = 0. 
p, =S= (m + m, + m) + (m, - mi (1) 
OL ; : 
v= Bay Uns =a) (m, m)? (2) 
Solving (1) and (2) for p, and p, gives 


i-D" | (m, + 13) Py + (m; — 1s) Px. | 
ep [(m, +m,)p, +(m, +m, +m) pu | 


where D = m,m, + mm, + 4m,m, 


H=T+U 


=—(m, +m, +m,)x? +5 (m, -m)x" +(m, —m,) xx 





g(m, m, m,)x g(m, m, )x' 
Substituting for x and x’ and simplifying gives 





H= (mm, + m,)D^ p; «xm +m, + m, ) D7 pa 


(m, - m,) D” p,p, — g(m, -m, +m,)x-g(m, -m,)x' 
where D = m,m, + m,m, + 4m,m, 


The equations of motion are 











oH r = 
c +m,)D yx +(m, -m,JD Ds, 





x 





x'- — = (m, —m;)D" jm (m, +m, + m,) D7 p. 
Px 

/ oH 

Px = = 


sm — m, = m) 
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7-34. 








The coordinates of the wedge and the particle are 


Xm =X x,-rcosO-cx 
| (1) 
Ym =0 y, =r sin 0 
The Lagrangian is then 
L= MM + T(P t r?0? + 2x7 cos 0 —2xrÜ sin o) + mgr sin 0 (2) 
r 


Note that we do not take r to be constant since we want the reaction of the wedge on the 
particle. The constraint equation is f (x,0,r)=r-R=0. 


a) Right now, however, we may take r = R and 7 - 7? —0 to get the equations of motion for x 
and @ Using Lagrange's equations, 


& - aR(Osin 0 cos o) (3) 


ġ- Z sin 8+ g cos 8 
7 R 





where a=m/(M+m). 
b) We can get the reaction of the wedge from the Lagrange equation for r 
A = mx cos 0— mRÓ? — mg sin 0 (5) 


We can use equations (3) and (4) to express X in terms of Qand ô , and substitute the resulting 
expression into (5) to obtain 





ü-1 ; 
À 2| — —À4 |(R@ + g sin 6 
cus si Bem | (6) 
To get an expression for È, let us use the conservation of energy 
He m. nA - 2&RÜ sin 0) - mgR sin 0— —mgR sin 0, (7) 


where 4, is defined by the initial position of the particle, and -mgR sin 0, is the total energy of 
the system (assuming we start at rest). We may integrate the expression (3) to obtain 
x= aRÓÜsin 0, and substitute this into the energy equation to obtain an expression for È 


_ 2g(sin 0-sin 6) 
" R(1-a sin? o) 





ü (8) 
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Finally, we can solve for the reaction in terms of only 0 and @ 
mMg (3 sin —a sin? 6— 2 sin 6) 
(M+ m)(1 -a sin? oy 





(9) 


7-35. We use z; and p, as our generalized coordinates, the subscript i corresponding to the 


ith particle. For a uniform field in the z direction the trajectories z — z(f) and momenta p - p(t) 
are given by 


1 
z; zt Vigt -= gf 
i (1) 
Pi = Pio — Mgt 
where Zio, Pig and Vo = Pig /m are the initial displacement, momentum, and velocity of the ith 
particle. 


Using the initial conditions given, we have 





Pot 1 io 
21 = 2 m 5 & (2a) 
Pı = Po — mgt (2b) 
Z = Zo AS. ap (2c) 
m 2 
P2 = Po — mgt (2d) 
(po È Apo )t 1 » 
= Z4 ————— -— gt 2 
Z4 = Zo = 2 8 (2e) 
Ps = Po + Apo — mgt (2f) 
+ Ap, jt 
Zi paa a Ce i pe (28) 
m 2 
Pa = Po + Ap, — Mgt (2h) 
The Hamiltonian function corresponding to the ith particle is 
32 2 
H; =T, +V, = + MgZ; = I + Mgz; = const. (3) 


From (3) the phase space diagram for any of the four particles is a parabola as shown below. 
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/^ ^rea att=0 


Po + Apo 
Po 








Zo Zo + AZo Z—- 
From this diagram (as well as from 2b, 2d, 2f, and 2h) it can be seen that for any time t, 
Pi =P2 (4) 
Ps = Pa (5) 


Then for a certain time t the shape of the area described by the representative points will be of 
the general form 


(P3,2s) (Paza) 
3 4 





where the base 1 2 must parallel to the top 3 4. At time t = 0 the area is given by AZ,Ap,, since 
it corresponds to a rectangle of base Az, and height Ap, . At any other time the area will be 
given by 


A= [base of parallelogram| , =(z,- S 


-(z- zs). - Azo) 


t-h 


x [height of parallelogram| a (p, = p.) 


= (Ps E P»). = Apo) 
=Ap, Az, (6) 


Thus, the area occupied in the phase plane is constant in time. 


7-36. The initial volume of phase space accessible to the beam is 
V, = zRizp. (1) 
After focusing, the volume in phase space is 


V, 2 zRizp? (2) 
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where now p, is the resulting radius of the distribution of transverse momentum components 
of the beam with a circular cross section of radius R,. From Liouville's theorem the phase space 
accessible to the ensemble is invariant; hence, 


V = aRgnps =V = aRi ap; (3) 
from which 
Ropo 
— oro 4 
Pr R (4) 


If R, < R,, then p, > py, which means that the resulting spread in the momentum distribution 
has increased. 


This result means that when the beam is better focused, the transverse momentum components 
are increased and there is a subsequent divergence of the beam past the point of focus. 


7-37. Let's choose the coordinate system as shown: 


ee 
A A 
* 











X3 






































X, n, 
Y 
M m, 
m, 
The Lagrangian of the system is 
1( (dx Y dx, Y dx, \ ^) 
L=T-U= 25 (=) +m, c3 +m, (=) | + g(m,x, + mx, + mx,) 


with the constraints 


xy*y-l and x,-y+x,-y=l, 





2 2 2 
dx, dx dx, 


which imply 2x, + x, + x, - (24 +4)=0 > 2 d d£ d£ 


0 (1) 


The motion equations (with Lagrange multiplier 4) are 
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mg —m, E -2420 Q) 
M,Z — My Do sazo (3) 
m - m, 1-0 (4) 
Combining (1)-(4) we find 
coms 


m, m, ma, 


Finally, the string tension that acts on m, is (see Eq. (2)) 


Px 8g 
T, =m g-m a 2A = 4 1 1 





m, m, m, 


7-38. The Hamiltonian of the system is 


2 2 4 2 2 4 
n-T«u-ln(f) Q5 PE. n nu: "n 


2 4 2m 2 4 


dt 


The Hamiltonian motion equations that follow this Hamiltonian are 


E OR 

dt Op m 
"pcc. taped) 
dt Ox 


7-39. 























The Lagrangian of the rope is 


1 (dz)* mz z| 1 (dz mgz 
ier-u-gn( a) Cn) oma 
2^ di b?2) 2d) * 2b 
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from which follows the equation of motion 


OL dOL ,mgz — dz 


—=——> =m 
Oz «dt oz b dt? 





7-40. 


m 

















2m 





-X 
We choose the coordinates for the system as shown in the figure. 


The kinetic energy is 
2 2 2 
r-law(f). an p( %) (E aop eke, 
2 dt 2 dt dt dt dt 


2 2 
«(erat cos +b cos 0) «(pfo s in 0, +b sin 0, | 





+ 





1 
2 dt dt 
The potential energy is 
U = -mgb cos 0, — mg(b cos 0, +b cos 0;) 
And the Lagrangian is 
2 
L=T-U= 2n( 2) + mb*(24) +2 mp 9 cos 6, + Imp (28. 
dt dt dt dt 2 dt 


mp cos 0, + mo? A t cos (8, — 6,) + 2mgb cos 0, + mgb cos 6, 


From this follow 3 equations of motion 





— m a = 
Ox dt ox dt? dt? dt? 


2 2 
p (2) sin 0, + (22) sin a, 


eL d OL dx [2 cosa, d^8, | 
B — cos 0. 


HAMILTON'S PRINCIPLE—LAGRANGIAN AND HAMILTONIAN DYNAMICS 231 











2 2 
CELT E M el UE Im UH d. NE 
00, dt ae, a dt? 
2 
(22) sin(0, — 0,) 
OL _d oL 
00, dt 06, 
do, dx do dO V o. 
-g sin 0, =b TT cos 6, +b d cos (0, — 0;) Hf 4) sin (0, — 0;) 


7-41. For small angle of oscillation 0 we have 


2 2 
- io (8) tin 2) and U =-mgb cos 0 





So the Lagrangian reads 











2 2 
L=T u= me(2) «uf + mgb cos 0 
from which follow 2 equations of motion 

Oe UE => (2) 4 cos 0 = a EN i 

ab dt ab a) “8 dP dt 
OL. d OL db do d^ do d°0 

= : b sin 6 = 2mb — b? =—2mb mb? 

TRU od d CT MU ae 
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CHAPTER 





Central-Force Motion 





In a uniform gravitational field, the gravitational acceleration is everywhere constant. Suppose 
the gravitational field vector is in the x, direction; then the masses m, and m, have the 
gravitational potential energies: 


UM) = - pO xP = — gra 
UO = -p9! 40 — —m ax?) 
where r = ( xP, x9, x ) and where g is the constant gravitational acceleration. Therefore, 
introducting the relative coordinate r and the center of mass coordinate R according to 
r-r-r, 
(2) 
MY, mp = (m, + m,)R 


we can express r, and r, in terms of rand R by 


m, 


r, -— ———r«R 
m, +m, 
(3) 
m 
r, 2—-——— r4«R 
m, +m, 


233 


234 CHAPTER 8 


which differ from Eq. (8.3) in the text by R. The Lagrangian of the two-particle system can now 
be expressed in terms of r and R: 


1 : 1 : 
L==m, i + 5 m, ll — U (Ir]) = Hy - ue 























2 
1 sl i 
== m,\—2—# +R) elm,-——L—teR| -U(r) (4) 
2 m,-m, 2 m, +m, 
(al pu eX mal - ida ex 
m, +m, m, +m, 


where x and X are the x, components of r and R, respectively. Then, (4) becomes 


2 
1 m .2.1 m .2. 1 NY. 
Lan mi P |r| + P lil + 5 (n + ma )|R| 





(5) 
MM, — MM, 


-U(r)+a x (m, +m,)a X 


m, + My 


Hence, we can write the Lagrangian in the form 





Tg 1 ; 
L = Salil U(r) + (mm, «mjJIR| +(m,+m,)aX (6) 





where jis the reduced mass: 


= (7) 


m, +My, 


Therefore, this case is reducible to an equivalent one-body problem. 


8-2. Setting u=1/r, Eq. (8.38) can be rewritten as 











du 
9-5 2 uk () 
ptu 


where we have used the relation du = -(y r°) dr . Using the standard form of the integral [see 
Eq. (E.8c), Appendix E]: 











dx -1 . 4 2ax+b 
f = Sin | ————- |+ const. (2) 
Vax? +bx+c ~-a ND? — 4ac 
we have 
32 x 2 uk 
Um 2 
0-- const.» sin?) —— L (3) 





2 
E +84 
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or, equivalently, 
B ud 


2 
sin(@+ const.) = r (4) 


Ua 
E +8 











We can choose the point from which 0 is measured so that the constant in (4) is — 7/2. Then, 





(5) 














which is the desired expression. 


8-3. When k > k/2 , the potential energy will decrease to half its former value; but the kinetic 
energy will remain the same. Since the original orbit is circular, the instantaneous values of T 
and U are equal to the average values, (T) and (U). For a 1/r^ force, the virial theorem states 


(T)2-2(U) (1) 
Hence, 
1 1 
E=T+U=-—U+U=—U (2) 
2 2 


Now, consider the energy diagram 


EA 














where 
CB=E original total energy 
CA=U original potential energy 
CDs. original centrifugal energy 


The point B is obtained from CB=CA-CD. According to the virial theorem, E = ( 1/ 2)u Or 
CB- (1/2) CA. Therefore, 


CD-CB-BA 
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Hence, if U suddenly is halved, the total energy is raised from B by an amount equal to (1/ 2)CA 


or by CB. Thus, the total energy point is raised from B to C; i.e., E(final) = 0 and the orbit is 


parabolic. 


8-4. Since the particle moves in a central, inverse-square law force field, the potential energy 


1S 
u--- 
r 


so that the time average is 


1f k 
U)=-—| -dt 
n zie 


Since this motion is a central motion, the angular momentum is a constant of motion. Then, 


ur? 0s = const. 
from which 
2 
dt = d0 
? 
Therefore, (2) becomes 
2x 2 2x 
(yes TA ss E f rdo 
T 4 te 


Now, substituting a/r=1+ £cos 0 and r= (2ujt) za a?" , (5) becomes 





kJa í 1 
3? J 1-£cos 


(ut) = 


2za^ 4 


where a is the semimajor axis of the ellipse. Using the standard integral [see Eq. (E.15), 





Appendix E], 
2z 
1 do - 2m 
o 1*6cos8 1-2 
and the relation, 
a= a(1 - eg) 
(6) becomes 
k 
U)=-— 
(uy=-* 


The kinetic energy is 


(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


(8) 


(9) 
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1 p 
T=- u? + 
2/77 or? 





(10) 


and the time average is 


(T) ras 8s [me dà (11) 


1 [kulu ml 
(T)= zu fer) ? do+ £ (12) 


To evaluate the integral above, substitute the expression for r and make a change of variable 


LF in F X T; sin? 0 dO o 


ó g u) V texy 


The reader is invited to evaluate this integral in either form. The solution presented here is to 
integrate by parts twice, which gives a third ad that can be looked up in a table: 


Part of this integral is trivial, 





(13) 
1+ £cos 0) 




















x Let dx _ J1-x? x? ee x dx (14) 
(lean), e(1* ex)|. iA - x? (14 ex) 
1 um (22 (15) 
e| l+ex |, 4 (1+ex)’ 
1 
dL con Sue 2 a /(1-e)(1-x) 
Se + tan! [CEA XE 16 
T UNS Naa) ao 
c 1 
zl = 07 


Substituting this into (13) and then into (12), we obtain the desired answer, 
k 
T)=— 18 
(T)=* (18) 


This explicitly verifies the virial theorem, which states that for an inverse-square law force, 


(T)--4() (19) 
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Fx 


nma 


8-5 " 


Suppose two particles with masses m, and m, move around one another in a circular orbit with 
radius a. We can consider this motion as the motion of one particle with the reduced mass yu 
moving under the influence of a central force G m,m, /a’ . Therefore, the equation of motion 
before the particles are stopped is 


pow? - G Ta (1) 
where 
1 1,1. 2r by 
u 7 m, m, í T 
The radius of circular motion is 
_| Gmm, T ü " 
a= ED (3) 


After the circular motion is stopped, the particle with reduced mass y starts to move toward the 
force center. We can find the equation of motion from the conservation of energy: 














mm, 1 . mm 
G "a2 G T (4) 
Or, 
y2 
2 
:-| ee ) (5) 
u x a 
Therefore, the time elapsed before the collision is 
0 
t= [dt=-f a (6) 
, 12G mm, | 1 J 
u x a 


where the negative sign is due to the fact that the time increases as the distance decreases. 
Rearranging the integrand, we can write 


7 au o Xx 
du Jz mm, Ee A 


Setting x 5 4° (dx =2y dy) , the integral in (7) becomes 














1=| * dx 2f Y dy 


A— 


R 
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Using Eq. (E.7), Appendix E, we find 





0 
2 
y a-y a. 4 y ma 
I=2 = 
| p uM +] 2 


Ja 
Therefore, 
_ aU an 
2G mm, 2 
Or, 
NE: 
442 
8-6. 
n My 
OW 
x O X, 
Es 
r= X» = Xi 


When two particles are initially at rest separated by a distance r), the system has the total 


energy 


mm 
__pm "hh 
E, = -G — 
To 


The coordinates of the particles, x, and x,, are measured from the position of the center of 


mass. At any time the total energy is 


T dx mm 
E-ymi ema G E 2 





and the linear momentum, at any time, is 
p=m,x,+m,x, =0 
From the conservation of energy we have E=E,, or 
mm, 1 


ag mie bn EE -C 
5 2 2 r 


mnm, 


Using (3) in (4), we find 
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(1) 


(5) 
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8-7. Since F(r)- —kr isa central force, angular momentum is conserved and the areal velocity, 
dA/dt = ¢/2y, is trivially constant (see Section 8.3). In order to compute (LI), we start with 


dr 











dt = 5 : (1) 
(rre 
u 2 ur 
and 
kr? 
ve n 


The time average of the potential energy becomes 


(uy- L fua 











2 (ns kr? dr 
E T ib i 2 2 k 4 2 (3) 
| | po E 4 | 
H 2 2u 
Substituting 
pimus dece (4) 
2r 


(4) becomes 





k |U (à xdx 
La 2c if Jan pg k ©) 
I-—Ex- zx 
2u 2 


Using the integrals in Eqs. (E.9) and (E.8c), Appendix E, 


x dx M ttam. b ; à 2ax +b | 
-—Xax +bx+c + Sin | ————— (6) 
J Vax’? +bx+c 4 2av-a Vb? — 4ac 








(5) becomes 


n 
max 
2 


12 L- 2 
(U) = £ Jg R sin” Pa a AE Pp. (7) 
272] k\k [E e| kV 2 2u 


u 








Tmin 


2 
But rax and r,,, were originally defined as the roots of ,|E -U — = z Hence, the second term 
\ ur 


vanishes at both limits of integration. On the other hand, 
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or, using (5), 





Now, 


The virial theorem states: 





In our case n = 1, therefore, 


(r)=(u)== 


8-8. The general expression for 0 (r) is [see Eq. (8.17)] 


o(r) =| Um 


p 
24| E-U- — 
“| a 
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(8) 


(9) 


(10) 


(11) 


(12) 


(13) 


(1) 


where U = -[ kr dr =—kr?/2 in the present case. Substituting x =r? and dx = 2r dr into (1), we 


have 
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1 dx 
i 2l uk , 2uE 
x 7 x^ go* 1 
Using Eq. (E.10b), Appendix E, 
f dx a sin bx + 2c 
xVax*+bx+c | N-c |x| Nb? — 4ac 


and expressing again in terms of r, we find 




















=—sin = , 
HE wk 
gy e 
or, 
p 
E 
sin 2(0— 6,) d tu 
1 
E? 
In order to interpret this result, we set 
2 
1+ — =£" 
u 
p 
ERE a’ 
HE 


and specifying @ = 2/4, (5) becomes 


a 
=z =1+ £' cos 20 
T 


or, 
a’ =r° + £'r' (cos? 0— sin? 6) 
Rewriting (8) in x-y coordinates, we find 


wax ty! + ex -y) 














or, 
2 2 
x 
i= +4 
l+e’ l-e' 


Since 4' > 0, £ > 1 from the definition, (10) is equivalent to 


| 
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(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


(8) 


(9) 


(10) 
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x? y. 
1- a’ + a’ (11) 
1-2 f[l-e"| 








which is the equation of a hyperbola. 


8-9. 
(a) By the virial theorem, T =—U/2 for a circular orbit. 
The firing of the rocket doesn't change U, so U f= U; 


But 


T, = m(0 +02) =27, 


So 
E, =2T, +U, =-U,+U,=0 


1 





tH 


E 





— 20 








The firing of the rocket doesn't change the angular momentum since it fires in a radial direction. 


L 
PEA 
£i 





(b) £=0 means the orbit is parabolic. The satellite will be lost. 











E(r)=0 Hijo eie 
r 
T()-g-u- oM. 
r 
2 2 
V(r)=U(r) + pa 
2ur r 2ur 
Behavior of V(r) is determined by 
2/2 pr? for small r 


-GM,m,/r for larger 
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4 
Energy 











Minimum in V(r) is found by setting ce =O atr=n 
r 





GM,m, l 
0= = d 
To Lo 
p 
h =-— 
uGM, m, 


8-10. For circular motion 











GM, m, D 
2 =m FT, 
LA 
Or 
2 GM, 
e = r 
So 
GM 
T 1 po e lu 
2 [A 2r, 
1 
E=T+U=-U 
2 


If the sun's mass suddenly goes to i its original value, T remains unchanged but U is halved. 
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Ligeia 
2 2 





E'=T'+U'=T + : uz 
2 
The energy is 0, so the orbit is a parabola. For a parabolic 
orbic, the earth will escape the solar system. 


8-11. For central-force motion the equation of orbit is [Eq. (8.21)] 














d’ [1] 1 ur? 
+—= F(r 1 
de’ H r 4 (r) ©) 
a 
force 0 
center 
In our case the equation of orbit is 
r -2acos 0 (2) 
Therefore, (1) becomes 
1 d’ EI 1 E Aq? 
TET | (cos 0) IE a (cos0) =- = F(r) cos? 8 (3) 


But we have 





d? -1 d | sin 
dg (cos 6 l d8 E A 


1 2 sin? 0 











cos@ cos! 0 e 
Therefore, we have 
2sin? 0 8a° 
i d a eee 7 K F(r)cos! 8 (5) 
cos cos O cosÓ £ 
or, 
g 2 Bal? 1 
F(r) - 3 BA 5 (6) 
8a u cos” 0 u r 
so that 





Firjs- y (7) 
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8-12. 








The orbit of the comet is a parabola (¢= 1), so that the equation of the orbit is 
£ 21+ cos (1) 
r 


We choose to measure 0 from perihelion; hence 


r(0-0)- Br, (2) 
Therefore, 
p 
uk 


Since the total energy is zero (the orbit is parabolic) and the potential energy is U =—k/r, the 
time spent within the orbit of the Earth is 


dr 


Bre k p 
"E 2 M 
_ [2u a r dr (4) 
Ps dr — Bre io Jr- Br; 


P fe | Em Fx 


Pre 


a 











from which 


T= E E re? (284 1) J3] (5) 
Now, the period and the radius of the Earth are related by 


4 2 
uo rn (6) 





or, 
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3/2 u k' TE 
fp On 
\ Mp eT 


Substituting (7) into (5), we find 


ro Ped |e (2841) 4-8 
uj 2 


where k 2 GM,u and k' = GM,u; . Therefore, 


T-— 2(1—- 5) (1+2) t; 





where 7; =1 year. Now, B= Mercury /"g = 0.387 . Therefore, 


T- Ll /2(1— 0.387) (1+ 2 x 0.387) x 365 days 
T 


so that 





T =76 days 


8-13. Setting u=1/r we can write the force as 


k A 
F= = —ku? — Au? 
y r’? 





Then, the equation of orbit becomes [cf. Eq. (8.20)] 








2 
Tti - | ku? Au’) 
^u 
from which 
d^u HA | wk 
d? Zr g In p 


or, 





If we make the change of variable, 





we have 
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(7) 


(8) 


(9) 


(10) 


(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


248 CHAPTER 8 


or, 
dr +B v=0 (7) 

where 8° =1- uA/(? . This equation gives different solutions according to the value of 4. Let us 

consider the following three cases: 

i) A«^" / Hu: 

For this case 2° » 0 and the solution of (7) is 


v=Acos (6-6) 


By proper choice of the position 0— 0, the integration constant 6 can be made to equal zero. 
Therefore, we can write 

uk 
£? — uA 





P dois po (9) 
T 





When £= 1 (A= 0), this equation describes a conic section. Since we do not know the value of 
the constant A, we need to use what we have learned from Kepler's problem to describe the 
motion. We know that for A = 0, 

L- s ECOS 0) 
and that we have an ellipse or circle (0 < < 1) when E < 1, a parabola (£= 1) when E = 0, and a 
hyperbola otherwise. It is clear that for this problem, if E 2 0, we will have some sort of 
parabolic or hyperbolic orbit. An ellipse should result when E « 0, this being the only bound 
orbit. When £z 1, the orbit, whatever it is, precesses. This is most easily seen in the case of the 
ellipse, where the two turning points do not have an angular separation of z. One may obtain 
most constants of integration (in particular A) by using Equation (8.17) as a starting point, a 
more formal approach that confirms the statements made here. 


fi) A-//u 


For this case /7 =0 and (3) becomes 





du uk 
Gu _ pK 10 
d? p Sn) 
so that 
ucl. gu A048 (11) 
r 2f 











from which we see that r continuously decreases as 0 increases; that is, the particle spirals in 
toward the force center. 
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ii) A>?/u 
For this case 2° <0 and the solution (7) is 
v= Acosh(\-6 o- 5) (12) 


ó may be set equal to zero by the proper choice of the position at which @= 0. Then, 


1 uk 
-= Acosh( - Roe (13) 

















Again, the particle spirals in toward the force center. 


8-14. Theorbit equation for the central-force field is [see Eq. (8.17)] 


2 4 2 
[Z] - 3E E-u- () 
do ? 2ur 


But we are given the orbit equation: 














r-ko (2) 
from which 
2 
[T -we 5 
do 
Substituting (2) into (3), we have 
2 
H = 4k? Lak (4) 
do k 
From (1) and (4), we find the equation for the potential U: 
4 2 
Ake = 2H" L a | (5) 
4 2ur 
from which 
2 2 
U-E 2k4 l £ s (6) 
wor wr 
and F(r) =—60U/ér . Therefore, 
lék 1 
a ary, PET (7) 
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8-1 5. 





Let us denote by v the velocity of the particle when it is infinitely far from P and traveling along 


the line AB. The angular momentum is 





t=- mob =o (1) 
where we have used m = 1. Therefore, 
k 
v= us 2 Q) 
V2b 
The total energy E of the particle is equal to the initial kinetic energy: 
1 k 
E=—v’? =— 3 
2° 4p e) 


The general orbit equation for a force, F(r) » - k/1^ , is 


4 dr 
; - (4) 
f 2| E+ k Z Lu 
ay 2r° 
Substituting for / and E from (1) and (3), we have 


do Nk 1 dr 
br | k " k k 
2p^ 2r br? 





d0 = 














i dr 


2h.) —_ c 
alr? -2bp?r? +b 


MEI 
(r 


or, 
dr 
r? = b? 


(5) 





dà = -b42 


where we have taken the negative square root because r decreases as 0 increases (see the diagram). 


We can now use the integral [see Eq. (E.4b), Appendix E] 
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dx 1 _,| ax 
le -p ~ ab cots H (6) 
from which we obtain 
0 - 42 coth” B +0, (7) 
Or, 
r =b coth [LE | (8) 


Now, coth $ — œ as ¢— 0, since r > o» as 0 0, we must have 6, =0. Thus, 








r= b coth (6/42) (9) 








Notice that r is always greater than b (because coth ¢— 1 as ø oo), so that the denominator in 
(5) never equals zero nor changes sign. Thus, r always decreases as @ increases. This is, the 
particle spirals in toward P but never approaches closer than a distance b. 


8-16. The total energy of the particle is 

E=T+U (1) 
a principle that by no means pushes the philosophical envelope of physical interpretation. The 
impulse that causes v > v + dv changes the kinetic energy, not the potential energy. We 
therefore have 


dE = 6T = o{ dmc”) = mv ôv (2) 


By the virial theorem, for a nearly circular orbit we have 


1 
E=-=mv* 3 
5 (3) 
so that 
ôE 200 
A (4) 
= v 
where we have written —E since E < 0. The major and minor axes of the orbit are given by 
k 
jue pee (5) 


2E J-2uE 


Now let us compute the changes in these quantities. For a we have 


"eT ° 





and for b we have 
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l ôl 1 ôl OE 
ia Los | OEC \-2uE? | 2 d i |e a (7) 


Easily enough, we can show that 6¢/¢ = óv/o and therefore 


ôa ób óE 2óv 
a b -E v 





(8) 


8-17. The equation of the orbit is 
Z 214 ecos 0 (1) 
r 


from which 


a 
>> R 
1+ £cos 0 


(2) 





| 2EP 
where a= 8? / uk and €=,/1+ a . Therefore, the radial distance r can vary from the 
m 


maximum value a/(1- €) to the minimum value a/(1- £). Now, the angular velocity of the 
particle is given by 


o=— (3) 











trus bo [ 
Tow pe T 
# 1-6 
j ; (4) 
Onin = 2 7 2 
H Tnax | a | 
oi 1- 6€ 
Thus, 
O max ltel 
QO... JS T ©) 
from which we find 
pannel (6) 
Jn «1 


8-18. Kepler's second law states that the areal velocity is constant, and this implies that the 
angular momentum L is conserved. If a body is acted upon by a force and if the angular 
momentum of the body is not altered, then the force has imparted no torque to the body; thus, 
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the force must have acted only along the line connecting the force center and the body. That is, 
the force is central. 


Kepler's first law states that planets move in elliptical orbits with the sun at one focus. This 
means the orbit can be described by Eq. (8.41): 








Z 214 £cos 0 with 0« e«1 (1) 
r 
On the other hand, for central forces, Eq. (8.21) holds: 
d&d [1] 1 ur 
Bel- ro 2) 
Substituting 1/r from (1) into the left-hand side of (2), we find 
1 
P F(r) (3) 
which implies, that 
p 
F(r)-- 4 
(--— à) 


8-19. The semimajor axis of an orbit is defined as one-half the sum of the two apsidal 
distances, faa and r,,, [see Eq. (8.44)], so 


zs Fa] =5| a |- n. (1) 
2 2li+e l-e 1-62 





This is the same as the semimajor axis defined by Eq. (8.42). Therefore, by using Kepler's Third 
Law, we can find the semimajor axis of Ceres in astronomical units: 











ke 2 
2e 
Ac _ AT Uc (2) 
ar ky te 
4 uy 
where k, = »M,m, , and 
dec i. 
He M, m. 


Here, M, and m, are the masses of the sun and Ceres, respectively. Therefore, (2) becomes 


271/3 
ac M, +m, 4 (3) 
Ap M, +m, | Tg 





from which 
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1 1/3 





333,480 + 


fan 8,000 (4 6035)? 
a, | 333,480+1 





so that 


"c 22767 
ar 


The period of Jupiter can also be calculated using Kepler’s Third Law: 


12 


oF 1/2 
Ty k, i _| M, +m | ay : 
Te | Ha ds M, * m, | ac 





from which 





t | 38948041 (. 2028) a 
rz, | 333,480+318.35 ~ 
Therefore, 
2 
-L 211.862 





T 


The mass of Saturn can also be calculated from Kepler's Third law, with the result 





3 


5.2 95.3 


€ 











= 





8-20. Using Eqs. (8.42) and (8.41) for a and r, we have 


(2) cos) = Lja ee) cos 0 


From Kepler's Second Law, we can find the relation between t and & 


2 
P T E p. cw. ug 
mab mab 2 (1 + £ COS 0) 








since dA — (1/ 2)r? d0 . Therefore, (1) becomes 


2 2x 


ay 1 1 Ta 2 
(3 cos j- TE EOS ees 0(1* ecos 0) do 


It is easily shown that the value of the integral is 2zz. Therefore, 
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(4) 


(5) 


(6) 


(7) 


(8) 


(9) 


(1) 


(2) 


(3) 
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(3 cos ? = TES Z ib (4) 


After substituting a and b in terms of sand a [see Eqs. (8.42) and (8.43)], we obtain 


(etr 








(5) 











8-21. If we denote the total energy and the potential of the family of orbits by E and U(r), we 
have the relation 
n P + Ü 
27 ^5 ur! 





+U(r)=E (1) 
from which 

2 2 ‘Ls 

[eor (e-ut)- iae) (2) 


Here, E and U(r) are same for all orbits, and the different values of / result from different values 
of (1/ 2) ur’ . For stable circular motion, ? =0, but for all other motions, 7 #0. Therefore, for non- 


circular motions, 7? » 0 and /is smaller than for the circular case. That is, the angular 
momentum of the circular orbit is the largest among the family. 


8-22. For the given force, F(r)=—k/r’ , the potential is 





k 
U(r)-2-—; 1 
and the effective potential is 
1e 1 
V(r)2 2|—-k|— 2 
o-i- ©) 
The equation of the orbit is [cf. Eq. (8.20)] 
du u 
"dar (-ku°) (3) 
Or, 
du A 
— t 1-—([u-0 4 


Let us consider the motion for various values of /. 
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i) @=pk: 

In this case the effective potential V(r) vanishes and the orbit equation is 
du 
—, =0 5 
IF (5) 


with the solution 


i=" SAE (6) 
T 


and the particle spirals toward the force center. 
ii) >k: 
In this case the effective potential is positive and decreases monotonically with increasing r. For 


any value of the total energy E, the particle will approach the force center and will undergo a 
reversal of its motion at r = r; the particle will then proceed again to an infinite distance. 


V(r) 








Setting 1— uk//? = ff >0, (4) becomes 
8 





au > 
— +f u=0 7 
19 B (7) 
with the solution 
u- I Acos(B0— 5) (8) 
r 








Since the minimum value of u is zero, this solution corresponds to unbounded motion, as 
expected from the form of the effective potential V(r). 


il) Z < yk: 


For this case we set uk / 0? -12G? » 0, and the orbit equation becomes 


d^u 
dg = Gu =0 (9) 
with the solution 
u=+= A cosh (B8— 6) (10) 
T 





so that the particle spirals in toward the force center. 
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In order to investigate the stability of a circular orbit in a 1/7? force field, we return to Eq. (8.83) 


and use g(r) » k/ ur? . Then, we have 








E É = = (11) 
Felis] ^x) 
Or, 
p 1 
i£ k--| xU (12) 
: | A up [1+(x/e) | 


Since tas = 0, Eq. (8.87) shows that k = /? / 4 . Therefore, (12) reduces to 


x=0 (13) 


so that the perturbation x increases uniformly with the time. The circular orbit is therefore not 
stable. 


We can also reach the same conclusion by examining the basic criterion for stability, namely, 
that 


ov ev 
or 


=0 and —, >0 
Or 








T-p r=p 


The first of these relations requires k = ¢?/1 while the second requires /^/u >k . Since these 
requirements cannot be met simultaneously, no stable circular orbits are allowed. 
8-23. Start with the equation of the orbit: 
Z -14 £cos 0 (1) 
r 


and take its time derivative 


El 
2. 





Z =£ ġsin0=— sing (2) 
a 


p 
Now from Equation (8.45) and (8.43) we have 
E 2u. adi 2zuao 


= (3) 
t (1-2 
so that from (2) 


| € 0£  2zag 


f =—-— = 
ig wm 





(4) 


as desired. 


258 CHAPTER 8 


8-24. 








4 fä d Ty | 


a) With the center of the earth as the origin, the equation for the orbit is 
Z 21-4 cox 0 (1) 
f 


Also we know 


Trin = 4(1— €) (2) 


in = 1, = 300 km +r, = 6.67 x 10° m 


Ti 


Trax = 1, = 3500 km +r, 29.87 x 10° m 
1 6 
a=—(r, + 1,)=8.27 x 10° m 
2 P 
Substituting (2) gives = 0.193. When @= 0, 


a 
site 
rj 


which gives æ 2 7.96 x 10* m . So the equation of the orbit is 


7.96 x 10° m 
r 


=1+0.193 cos 0 


When 0- 90°, 





r=a=7.96x10° m 
The satellite is 1590 km above the earth. 











b) 
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0-z-f 





=z- tan” 
a-r 


Using b = Jaa 
Vaa 


a-T, 


min 


0-z-tan'! z 101? 





Substituting into (1) gives 
r 28.27 x 10° m ; which is 
1900 km above the earth 


8-25. Let us obtain the major axis a by exploiting its relationship to the total energy. In the 
following, let M be the mass of the Earth and m be the mass of the satellite. 


GMm 1 , GMm 
= TWO. = 


P 
2a 2 f, 


E= 





(1) 


where r, and v, are the radius and velocity of the satellite's orbit at perigee. We can solve for a 


and use it to determine the radius at apogee by 





(2) 


Inserting the values 


G=6.67 x10 N-m?-kg”? (3) 
M =5.976 x 10” kg (4) 
r, 26.59 x 10° m (5) 
v, 27797 x10? m-s” (6) 


we obtain r, = 1.010 r, = 6.658 x 10°m, or 288 km above the earth’s surface. We may get the 


speed at apogee from the conservation of angular momentum, 
mro, = mr, (7) 
giving v, = 27,780 km-hr'! . The period can be found from Kepler's third law 


2.3 
das Ara (8) 
GM 





Substitution of the value of a found from (1) gives t= 1.49 hours. 
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8-26. 





First, consider a velocity kick Av applied along the direction of travel at an arbitrary place in 
the orbit. We seek the optimum location to apply the kick. 


E, - initial energy 


1 , GMm 
=> mv — 
2 r 





E, = final energy 


= 5 m(0+ Av)? EE 





r 
We seek to maximize the energy gain E, — E: 


E= Ei = 5 m(20 Av + Av’) 


For a given Av, this quantity is clearly a maximum when v is a maximum; i.e., at perigee. 


Now consider a velocity kick AV applied at perigee in an arbitrary direction: 


Av 


V2 


The final energy is 


1 > GMm 
— mv; = 
2 r 


P 





This will be a maximum for a maximum lv. 
the same direction. 





; which clearly occurs when v, and Av are along 





Thus, the most efficient way to change the energy of 
an elliptical orbit (for a single engine thrust) is by 
firing along the direction of travel at perigee. 
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8-27. By conservation of angular momentum 


MT V, — Tro, 


or U, =—_ 


Substituting gives 








v, = 1608 m/s 








8-28. Use the conservation of energy for a spacecraft leaving the surface of the moon with 
just enough velocity V, to reach r = o: 











T,+U;=T, +U; 
! mo... EM =0+0 
2 T. 
2GM,, 
Dose = 
Tn 
where 
M, = mass of the moon = 7.36 x 10” kg 
r, = radius of the moon = 1.74 10° m 
Substituting gives 
Voge = 2380 m/s 
8-29. Vmax CUT Ug, Unin 7 U— Up 


From conservation of angular momentum we know 


MU, = M0,!, 


or 
r v 
= max _ “max 
U max Tin = U min Fmax 7 T 
min U min 
Also we know 
fain = 4(1-e) 


Tmax = 4(1+ 6) 


ma 


Dividing (3) by (2) and setting the result equal to (1) gives 
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(1) 


(2) 
(3) 
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Tax 1 + e U max 
Trin 1 E e U min 


8-30. To just escape from Earth, a velocity kick must be applied such that the total energy E is 
zero. Thus 
1 2 GM,m _ 


— mv; 
2 T 





0 (1) 
where 
v, = velocity after kick 
M, = 5.98 x 10" kg 
G 26.67 x10 Nm?/kg? 
r — 200 km +r, 
= 200 km + 6.37 x 10° m 


= 6.57 x 10° m 
Substituting into (1) gives v, =11.02 km/sec. 


For a circular orbit, the initial velocity v, is given by Eq. (8.51) 


GM, 


v= =7.79 km/sec 








Thus, to escape from the earth, a velocity 
kick of 3.23 km/sec must be applied. 
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Since E - 0, the trajectory is a parabola. 


parabolic 
"ad escape 
orbit 


"circular orbit 


8-31. From the given force, we find 
_ 2k 4k 


dF(r) ,, 
dr zi p. 








Therefore, the condition of stability becomes [see Eq. (8.93)] 
2 


aes 2 ' 
F(o) 3 p pm 


3 
- + 
F(p p e +k’ p 





or, 
kp -k' 
pelke + k') * 


Therefore, if p’k » k' , the orbit is stable. 


8-32. For this force, we have 





2k =r/a k -rja 
=n e t -p e 
dr r ar 


x K gri [2+ - 
r a 


Therefore, the condition of stability [see Eq. (8.93)] becomes 


247 |o 
á >0 


r 


F'(r) 
F(r) 





3 
ED 
T 


This condition is satisfied if r « a. 


20 
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(2) 


(3) 


(2) 
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8-33. The Lagrangian of the particle subject to a gravitational force is written in terms of the 


cylindrical coordinates as 
L-T-U- zm(P + ri? +22) mgz 


From the constraint r° = 4az , we have 





. r 
ż=— 
2a 
Therefore, (1) becomes 
2 
t-te] sel- 4 ys 
ü ü 
Lagrange's equation for ĝis 
OL d OL d 2; 
-= mr°0)=0 
00 dt0OO dt ( | 


This equation shows that the angular momentum of the system is constant (as expected): 


mr? = ( = const. 


Lagrange's equation for r is 





2 
OB CULOL M emi - PES A lo T. j 


or dt or 4a? 20 dt 


from which 





4a? 2a 


2 
m . . mM T |. m . 
— ri? 4 mre $ mlas zl ri’ =0 


After rearranging, this equation becomes 


2 2 
ZEE “HF M fes zu =0 





4a 2a mr 
For a circular orbit, we must have r 2? 20 or, r = 9 = constant. Then, 


mgo l 
2a mp 








or, 


Equating this with /^ = m^p'0? , we have 


(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


(8) 


(9) 


(10) 


(11) 
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Or, 
g 
md 12 
27 (12) 


Applying a perturbation to the circular orbit, we can write 


r—pt+x where Zu (13) 
p 


This causes the following changes: 





: icd 
p 
Fog p (14) 
rox 
TX 


from which, we have 


ri? (p x)x^ 20, in lowest order 

















(15) 
riz (e + 2px) x = px, in lowest order 
Thus, (8) becomes 
1 gusce p x) 
1+— +—2(p+x)- 1-3—|20 16 
" aa? b 2a (aa) mp C 2] e 
But 
2 
LT NE (17) 
20 mp 
so that (16) becomes 
2 2 
m lo Xl y, E 220 (18) 
4a 2a mp 
Substituting (17) into (18), we find 
2 
sos ee x <0 (19) 
ü ü 
or, 
I M (20) 
qp. 
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Therefore, the frequency of small oscillations is 

















where 


8-34. The total energy of the system is 
Es i m(i? t 178 +? cot? a) + mgr cot a 
or, 
1 2 L2 1 22 
E==m(1+cot a)r -—mr' 0 +mer cot a 
2 2 
Substituting ¢=mr?@, we have 


E==m(1+cot® a)? + á 
2 2m 





2 + mer cot a 
Therefore, the effective potential is 


2 
V(r)- Dope t 8T cota 





At the turning point we have 7 =0, and (3) becomes a cubic equation in r: 


2 
mgr? cot a — Er? pus 
2m 


Ao 
Y 


Energy 











1 i 
Ti T, 
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(21) 


(2) 


(3) 


(4) 


This cubic equation has three roots. If we attempt to find these roots graphically from the 
intersections of E = const. and V(r)=¢?/2mr? + mgr cot a, we discover that only two of the roots 


are real. (The third root is imaginary.) These two roots specify the planes between which the 


motion takes place. 
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8-35. If we write the radial distance r as 
r=p+x, p=const. 


then x obeys the oscillatory equation [see Eqs. (8.88) and (8.89)] 


X-ox-0 
where 
3g 
€ = s Ls e'(g) 


The time required for the radius vector to go from any maximum value to the succeeding 
minimum value is 


At = 
2 
27 ; 
where rz, - — , the period of x. Thus, 
0o 
At=— 
0o 


The angle through which the particle moves during this time interval is 


$= ort = Z2 
QD 


where @ is the angular velocity of the orbital motion which we approximate by a circular 
motion. Now, under the force F(r)=-ug(r), @ satisfies the equation 


“po” = -F(r) = ug(o) 
Substituting (3) and (7) into (6), we find for the apsidal angle 


[e 
Ua RU EE 
p re'le) *? elo 





— 








— 


Using g(r)= £ x we have 
ur 





Therefore, (8) becomes 
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(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


(8) 


(9) 


(10) 
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In order to have the closed orbits, the apsidal angle must be a rational fraction of 2z. Thus, n 


must be 


n=2,-1,-6,... 


n = 2 corresponds to the inverse-square-force and n = -1 corresponds to the harmonic oscillator 


force. 


8-36. The radius of a circular orbit in a force field described by 
pss 
is determined by equating F(r) to the centrifugal force: 
2 
k e "^ = ae 
r mp 
Hence, the radius p of the circular orbit must satisfy the relation 
p 
-pla nue 
d mk 


Since the orbit in which we are interested is almost circular, we write 
r(0)- e + ó()] 
where ó(0) «1 for all values of @ (With this description, the apsides correspond to the 
maximum and minimum values of &) 
We can express the following quantities in terms of ó by using (4): 


1 1 





=—=—(1-6 
cau E 
d 1 1 d8 
d |r] pde 


F(u) = -i? e V" 


keel" 
p (1+ 6)" 





(1- p5/a) 


Then, substitution into Eq. (8.20) yields 


1dó 1 mke”! 
+—(1-6)= 1- pó 





Multiplying by p, using (3) and simplifying, (6) reduces to 
d'ó 


ag *0- p/a)d=0 


(1) 


(2) 


(3) 


(4) 


(5a) 


(5b) 


(5c) 


(6) 


(7) 
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This equation obviously has two types of solution depending on whether p/a is larger than or 
smaller than 1; we consider only p « a. (In fact, there is no stable circular orbit for p > a.) 


For the initial condition, we choose ô= 6, to be a maximum (i.e., an apside) at 0- 0. Then, we 
have 


Q0; cos(1 -— pla)" 0, for p«a (8) 


This solution describes an orbit with well-defined apsides. The advance of the apsides can be 
found from (8) by computing for what value of 0 is óagain a maximum. Thus, 
E l (9) 


q1- p/a 


The advance of the apside is given by 
A= 0-22 - 2| 1- (1- p/a)” | (10) 


In the particular case in which p « a we obtain, by extending (10), 


az2n-20|1+2 (11) 
2a 
so that 
Az? (12) 
a 


8-37. From the equations in Section 8.8 regarding Hohmann transfers: 
Av = Av, + Av, 


Av=0, 70 +0, —%, 


2k| r, k k 2k) r 
Av = ,|—| — |-, — um -| — | ——_ (1) 
mr, | r4 v, mr \mr Nmr| rr, 


Substituting 
t GM, - (6.67 x 10" Nm’/kg”)(5.98 x 10™ kg) 
r, = initial height above center of Earth = 2r, 
n = final height above center of Earth = 3r, 
r, = radius of the Earth = 6.37 x 10° m 
gives 





Av = 1020 m/s 
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8-38. Substitute the following into Eq. (1) of problem 8-37: 


Lm GM, - (6.67 x10 Nm?/kg”)(1.99 x 10” kg) 
m 


r, = mean Farth-sun distance = 1.50 x 10" m 


r, = mean Venus-sun distance = 1.08 x 10" m 


The result is Av = —5275 m/s . The answer is negative because r, <r ; so the rocket must be fired 
in the direction opposite to the motion (the satellite must be slowed down). 





Av = 5275 m/s; opposite to direction of motion. 











From Eq. (8.58), the time is given by 
mM ap m [nr [^ 
PRANE TEE a 


7-148 days 


Substituting gives 














8-39. We must calculate the quantity Av, for transfers to Venus and Mars. From Eqs. (8.54), 
(8.53), and (8.51): 


Av, =V, —0, 


2k| r, k 
mr, | rr, mr, 





where 
k -11 3 2 30 
— - GM, - (6.67 x10™ m?/s?-kg)(1.99 x10” kg) 
m 
r, = mean Earth-sun distance = 150 x 10° m 
r,- mean ios —sun distance = E x10’ m 
Substituting gives 


AV venus = 72.53 km/sec 


AUw,, = 2.92 km/sec 


where the negative sign for Venus means the velocity kick is opposite to the Earth’s orbital 
motion. 








Thus, a Mars flyby requires a larger Av than a Venus flyby. 
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8-40. Tocrash into the sun, we calculate Av, from Eq. (8.54) with r, = mean distance from 
sun to Earth, and r, = radius of the sun. Using Eqs. (8.54), (8.53), and (8.51) we have 


(Av 7 2GM, T, GM, 
Vm [2 "tr n 





Substituting 
G = 6.67 x10 Nm^/kg? 
M, 21.99 x 10? kg 
1, =r, =1.5x10" m 
Ty =f n = 6.96 x 10° m 
gives 


(Av, )__,, =-26.9 km/sec 


To escape from the solar system, we must overcome the gravitational pull of both the sun and 
Earth. From conservation of energy (Eina = 0) we have: 


final 


GM,n GM,m 1 , 
+- m 





v =0 
m f 2 

Substituting values gives 

v = 43500 m/s 
Now 

Av=0-0; 
GM, 
—0— 





— (43500 — 29700) m/s 


(Av) =13.8 km/s 


escape 





To send the waste out of the solar system requires 
less energy than crashing it into the sun. 











8-41. From the equations in Section 8.8 regarding Hohmann transfers 
Av = Av, + Av, 
=U, — 0, +0, —%,, 


where 
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2k| r k 
B as ROI 
i mn | ntn mn 
2k| n | k 
br Wc DUM 
mr, | n, * 7 mr, 
Substituting 
E eMe (6.67 x 10 Nm?/kg?)(5.98 x 10" kg) 
m 
r, - 200 km +r, 26.37 x10° m «2x10? m 
r, = mean Earth-moon distance = 3.84 x 10* m 
gives 





Av = 3966 m/s 


From Eq. (8.58), the time of transfer is given by 
M 39 m [4r | 
T=2,\— a =z ,|— | 4 
k kL 2 


T = 429,000 sec. = 5 days 


Substituting gives 














8-42. 
G =6.67 x10 ™ Nm^/kg? 


M, 2598 x 10" kg 
7, 2x10 m4 637 x 10° m 
r=? 
r, = mean Earth-moon distance = 3.84 x 10° m 


We can get r, from Kepler’s Third Law (with r= 1 day) 





2 


GM 2 71/3 
n=l d -4225x10/ m 
«m 


We know E - -GMm/2r 
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So 


Poje = 3.04 x10" J 
: 2f 





E(r,) =—4.72 x 10" J 
E(r,) =—5.19 x 10° J 
To place the satellite in a synchronous orbit would require a minimum energy of E(r,)-E(r,) = 


2.57 x10" J 


8-43. Ina circular orbit, the velocity v, of satellite is given by 


mo, GMm GM 
R R ° VR. 








R 
where M is the Earth’s mass. 
Conservation of energy implies 


mv; GMm mv, GMm 


2 R 2 2R 








Conservation of angular momentum gives 


mRo, =m2Rv, 


GM 


so the velocity need to be increased by a factor ,/4/3 to change the orbit. 


From these equations, we find 


mo? 





8-44. The bound motion means that E= +V<0 


k 
where V 2 —— e^ , 
r 


The orbit of particle moving in this central force potential is given by 
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ER. j 1 dr 

Jus d PM ke” g 

ma E+ = 3 

r 2 ur 

In first order of (r / a) , this is 
£ dr l dr 

Mn ® zl k 8 kU a kk ë 
a EE E AE 
r 2ur a ay r 2yur 


Now effectively, this is the orbit of particle of total energy (E - E moving in potential HE . It is 
a r 


well known that this orbit is given by (see Chapter 8) 


a 
—=1+<ecos0 
T 


2 2 
epus. and ¢= 1 3 (e-*) 
uk uk a 





If 0< £«1, the orbit is ellipsoid; if ¢=0, the orbit is circular. 


8-45. 
a) In equilibrium, for a circular orbit of radius ry 


2 
F-mog > 0,-.—— 
mr) 


b) The angular momentum (which is conserved) of a particle in circular orbit is 


L= mro, -mFErn 


The force acting on a particle, which is placed a distance r (r is very close to equilibrium position 
r,) from the center of force is 


DP 
F - mo;r - E, 2d 


E 3p 3p 
zx E= =—k 
mr? m (ry mr (r-n) (r-n) 
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where k 2 3E / mr; . So the frequency of oscillation is 
k 3r 3f, 
Oo, = = 2.4 = 
m Nm mn, 


8-46. Inequilibrium circular orbit, 





Mv? GM GM 
= 2 > R 2 
R 4R 4v 











where M is the Sun's mass. 
The period is 
p 27R AzRÁR _ V22D*” 
v VGM VGM 


where D = 2R is the separation distance of 2 stars. 





z9x 10’ yr 


8-47. In equilibrium circular orbit of 1st star 











2 

SML OMS where L= cee is the distance from 1st star to the common center of 
L L, M, +M, 
mass. 
The corresponding velocity is 
ÍGML, GM2 
Ui = 2 = 
L L(M, + M,) 
Finally, the period is 
3/2 
poe TE =1.2x10° yr. 


vi JG(M, + M;) 
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CHAPTER 





Dynamics of a 
System of Particles 


9-1. Put the shell in the z > 0 region, with the base in the x-y plane. By symmetry, x =y =0. 


-04 6-0 


_ [. “>f” pzr? drsin dO de 





~ al pr’ dr sin 0d0 dø 


0-0 


Using z =r cos 0 and doing the integrals gives 








By symmetry, x =y -0. 


Use cylindrical coordinates p, ¢, z. 


P = mass density 
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dE +h 
EET apd y 
[ 


h 
Ada T s edpdódz 





The center of mass is on the axis 


of the cone N h from the vertex. 





9-3. 





x 


By symmetry, x =y - 0. 

From problem 9-2, the center of mass of the cone is at z = 1 h. 

From problem 9-1, the center of mass of the hemisphere is at 
z--Sa(n =A, =0) 


So the problem reduces to 


1 1 
. 2 =qhim, =p, 300 h 


2 3 
. Z2 =y AME mA 


uu PHI. c pk’ - 3p 
m, +My A(p,h + 2p,a) 


for p, =p, 


h? — 3d? 
A(2a +h) 


NI 
I 
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9-4. 








By symmetry, y -0. 
If c 2 mass/length then M = oad 
So 


Using M=oa0 and x-acos6', 


ci à cos 6'd6' = Ê Eus sin( 2 
0-92 0 2 2 


EUN d 
0 2 











9-5. 





279 


280 CHAPTER 9 


r, = position of the i^ particle 
m, = mass of the i^ particle 
M - Sm, = total mass 


g = constant gravitational field 


Calculate the torque about t) 
Per 
-Y(r-5)xF 
5 At =a) xm;g 
=r, xm; g- >on xm; g 
= (Zmz) x g-(Ym.)n, xg 


= (So mx) xg-Mrxg 


Now if the total torque is zero, we must have 


$ myr, = Mh 
or 
h= i X Tiu 


which is the definition of the center of mass. So 
7 — 0 about r, = rq, 
or center of gravity = center of mass. 


9-6. Since particle 1 has F = 0, r, =v, =0, then r =0. For particle 2 





" 7E 
F =F à then ï= x 
m 
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9-7. 








a 
By symmetry |y =0 
m, =16 my 
Let my =m,m, =16m 
Then 
_ 1 
x=— ð m,; x 
M 2, 1 1 
29 
X= — (2ma cos 52°) gue: 
18m 9 





x =0.068 a 














9-8. By symmetry, |x = 0|. Also, by symmetry, we may integrate over the x > 0 half of the 











triangle to get y. o= mass/area 


EE 
= ka ie iis dai 





342 


a [m 
e z o dy dx 











"el 
Em 
2l 
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v; 


` | Z mM, V 


POWIC "2 "v 
HYS 


v 





45° 





y 
Let the axes be as shown with the projectile in the y-z plane. At the top just before the explosion, 


Up 


AB 


the velocity is in the y direction and has magnitude v, = 








" "E _\ e + m. 
Voy = 


mı rim 


where m, and m, are the masses of the fragments. The initial momentum is 


p=(m +m) 0 Fy e| 


m, +m, 





The final momentum is 
Pe = Pot Pe 
p, =m, (0,0,v,) 
Po =m, (0,,0,,0,] 


The conservation of momentum equations are 














p.i O=m,v, or |v, =0 
. = 1 E 
Py? E, (m, +m,) =m, or |v, =— a (m, +m,) 
i m 
m, 
pz: 0 =m v +m,v, oro, =-— V, 


The energy equation is 





1 E 1 1 
Piu tm) ^1 a +E, = "Lu + MAG +o) 


or 
2 2 2 
3E, = mvi +m, lo; + v2) 


Substituting for v, and v, gives 
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m, . 
v =-—0, gives 
m 


1 





Es (2m, — m) 
"m, (m, 4 m,) 








So 
m, travels straight down with speed - Jv, | 


m, travels in the y-z plane 





2a s) z E, (4m, + m,) 


mM, (m t my) 


6-tan? = tan” [La Va m) CELA, 
v, \ (m +m,) 


The mass m, is the largest it can be when v, =0, meaning 2m, = m, and the mass ratio is 











LU 
m, 2 


9-1 0. 





First, we find the time required to go from A to B by examining the motion. The equation for the 
y-component of velocity is 


0, =v sin 0- gt (1) 
At B, v, =0; thus t; =v, sin 6/g . The shell explodes giving m, and m, horizontal velocities v, 


and v, (in the original direction). We solve for v, and v, using conservation of momentum and 
energy. 


Px: (m + My) Vo cos 0 = m,0, + 1,0, (2) 
1 2 2 1 2 1 2 
E: gn + m) cos ote UmRE te tes (3) 


Solving for v, in (2) and substituting into (3) gives an equation quadratic in v,. The solution is 
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2m,E 


0, =V cos Ot Em n mj) 


(4) 


and therefore we also must have 


2m,E 
m, (m, + m,) 


(5) 


0, = 0, cos OF 


Now we need the positions where m, and m, land. The time to fall to the ocean is the same as 
the time it took to go from A to B. Calling the location where the shell explodes x = 0 gives for 
the positions of m, and m, upon landing: 


x; 70g; X, = Ugly (6) 


Thus 





lo, zs v| (7) 


Using (4) and (5) and simplifying gives 
lx x|- 5 sind | 2E | [mi T m (8) 
& M, +m, | \ m, m, 


9-11. Theterm in question is 





Yr 
azb 


For n = 3, this becomes 
f, F f, * £4 * f F f4 zs £5 T (f; + f, )* (f; + fa) ag (£.. E A 


But by Eq. (9.1), each quantity in parentheses is zero. Thus 








9-12. 
a) v =v, +u In e 
m 


Assuming 0, =0, we have 


98 


v — 2.02 m/s; yes, he runs out of gas. 


»- 1002 in 27 
S 
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b) Relative to Stumblebum's original frame of reference we have: 
Before throwing tank 
98 kg 


| | — 2.02 m/s 


After throwing the tank we want Stumblebum's velocity to be slightly greater than 3 m/s (so 
that he will catch up to the orbiter). 


8 kg 90 kg 
Ve | |>3m/s 
Conservation of momentum gives 


(98 kg)(2.02 m/s) =(90 kg)(3 m/s)- (8 kg)o 














0-9 m/s 


(This velocity is relative to Stumblebum’s original reference frame; i.e., before he fires his 
pressurized tank.) Since Stumblebum is traveling towards the orbiter at 2.02 m/s, he must 
throw the tank at v = 9 m/s + 2.02 m/s 











v=11 m/s 





9-13. From Eq. (9.9), the total force is given by 


Yer, 
az 


As shown in Section 9.3, the second term is zero. So the total force is 
£ Fo 
It is given that this quantity is zero. 


Now consider two coordinate systems with origins at 0 and 0’ 





where 
r, is a vector from 0 to 0' 


r, is the position vector of m, in 0 
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r, is the position vector of m, in 0’ 
We see that r, =f) +r! 


The torque in 0 is given by 
T= > r, x FE? 


The torque in 0' is 


But it is given that YF? =0 


Thus 














9-14. Neither Eq. (9.11) or Eq. (9.31) is valid for a system of particles interacting by magnetic 
forces. The derivations leading to both of these equations assumes the weak statement of 
Newton's Third Law [Eq. (9.31) assumes the strong statement of the Third Law also], which is 


f,,=—f 


ap Ba 


That this is not valid for a system with magnetic interactions can be seen by considering two 
particles of charge g, and q, moving with velocities v, and v, : 


d» 
Now 
fj- qv; XB; 


where B, is the magnetic field at q; due to the motion of q;. 
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Since f; is perpendicular to both v; and Bj; (which is either in or out of the paper), f; can only 


be parallel to f, if v; and v; are parallel, which is not true in general. 
Thus, equations (9.11) and (9.31) are not valid for 
a system of particles with magnetic interactions. 


9-15. o=mass/length 





F= am becomes 


dt 
mg = mù + mù 
where m is the mass of length x of the rope. So 


m-ox;m-ox 


ox deu nod 
8 dt 


sg is nd 
87 dx di 
pono edi 
(^ dx 


Try a power law solution: 


n 


v=ax"; ae = nax"! 
dx 
Substituting, 
xg= x(ax" )(nax"™) pa x 
or 
xg=@ (n+1)x”" 


Since this must be true for all x, the exponent and coefficient of x must be the same on both sides 
of the equation. 


Thus we have: 1 2 2n or n - 


g-2a (n+1) ora= = 
So 


2ex 
3 
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dv do dx = dv [gr g Eas 
3 3| 3 














T, =0 u,=0 (y =0 on table) 


T, -1 mo? -1 28%] met 
2 2 3 3 


L 
u, d E. 


SoE, -0; E, - 8L 
6 





L 
Energy lost = FE 


9-1 6. 





The equation of motion for the falling side of the chain is, from the figure, 


p(b-s). p(b-x) ir 


2 2 
From Example 9.2, we have for the energy conservation case 
g(2bx - x’) i 





=g+ 
a(b- 5 2(b-x) 
Substitution gives us 


2 
px 
ae 
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(1) 


(2) 


(3) 


To find the tension on the other side of the bend, change to a moving coordinate system in 
which the bend is instantaneously at rest. This frame moves downward at a speed u=x/2 with 


respect to the fixed frame. The change in momentum at the bend is 
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Ap =(pAx)-(2u) = 2pu* At = pi At (4) 
Equating this with the net force gives 
-2 
T, +T, = ua (5) 
2 
Using equation (3), we obtain 
P2 
a 
T, = e (6) 


as required. Note that equation (5) holds true for both the free fall and energy conservation 
cases. 


9-17. As the problem states, we need to perform the following integral 


t [ 1-2« 
=) (1) 
2a(1- a) 1- a) 
Our choice of ¢ is 10 * for this calculation, and the results are shown in the figure. We plot the 


natural velocity de/d t = x/ 423b vs. the natural time r. 





2 T T 


Lb 7 


da 


dt 











9-18. Once we have solved Problem 9-17, it becomes an easy matter to write the expression 
for the tension (Equation 9.18): 
T 14+2a-6a@ 
"IEEE (1) 
mg | 2(1-2a) 


This is plotted vs. the natural time using the solution of Problem 9-17. 
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ceiling 






released at 
t=0 


at time t 





table 


The force that the tabletop exerts on the chain counteracts the force due to gravity, so that we 
may write the change in momentum of the center of the mass of the chain as 





JP pig F (1) 
We can write out what the momentum is, though: 
p=p(b-x)x (2) 
which has a time derivative 
dp _ .2 - E 
3i - p| x^ +(b x)& |- p(bg 3gx) (3) 


where we have used X =g and x =.,/2¢x . Setting this last expression equal to (1) gives us 
F -8pgx (4) 


Although M. G. Calkin (personal communication) has found that experimentally the time of fall 
for this problem is consistently less than the value one would obtain in the above treatment by 
about 1.5%, he also finds evidence that suggests the free fall treatment is more valid if the table 
is energy absorbing. 
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Let p = mass/length 


9-20. 


The force on the rope is due to gravity 
F =(a+ x) pg - (a- x)pog 
=2xpg 
dp dv > do 


w wp ae 


So F- Hp becomes 
dt 





xe-aü um 
$778 
Now 
dv dv , dx dv 
dt dx dt dx 
So 
xe =av zd 
S dx 
Or 
vdv = £ xdx 
a 
Integrating yields 
gus. xX +c 
2 2a 
Since v = 0 when x =0,c - 0. 
Thus 
ee & “2 
a 


When the rope clears the nail, x = a. Thus 
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9-21. Letuscall x the length of rope hanging over the edge of the table, and L the total 
length of the rope. The equation of motion is 


2 
max _ on n a. SX 
L dt L 
Let us look for solution of the form 
x= Ae” +Be™ 


Putting this into equation of motion, we find 


& 


Q — ,[2- 
L 


Initial conditions are x, ,, =X) 20.3 m; Va- 20 m/s. 
From these we find A=B = x,/2. 


Finally x = x, cosh (ot). When x = L, the corresponding time is 


zd qu ee 
= oh ey — 0.59 s. 


9-22. Let us denote (see figure) 


m and 2m mass of neutron and deuteron respectively 
Up velocity of deuteron before collision 
v, and v, velocity of neutron and deuteron, respectively after collision 


a) Conservation of energy: 


2 2 2 2 
2Mvp _ mo 2mv; 2_ Up 


2 2 2 * 





Conservation of momentum is 
2m), =2m0, +0, => 4v, +40, =v + 80,0, cos y 


Solving these equations, we obtain 2 sets of solutions 
2 — 
v = Ze fo- 4 cos y F2cos y4/4 cos? y -3 


2v, cos y + 4v? cos? y - 3v? 
0, = 
3 
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293 
or numerically 


7, 25.18 km/s v, 214.44 km/s and 

7, 2 19.79 km/s v, 25.12 km/s 

b) Letus call o the lab scattering angle of the neutron, then from the sine theorem we have 
ais CIL > sing-22 sin y 

siny sina v 


=>a=74.84° and a=5.16° 


4v; + Av? — v? 
c) From a) we see that cos y = ——————J- 


80,0; 


| 205 + 60 .v3 


2 « 30? = 30? 
80,0, 9 > ly] > V max 


9-23. Conservation of momentum requires v, to be in the same direction as u (component 
of v, Lto u must be zero). 


p; = mM 


Pr =(m, +My) 0, 





=p,>0v,=—" 
Pi =P rs Um +m, 
The fraction of original kinetic energy lost is 
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9-24. 











The energy of the system is, of course, conserved, and so we have the following relation 
involving the instantaneous velocity of the particle: 


l 2 

5 mo" = 5 TU, (1) 
The angular momentum about the center of the cylinder is not conserved since the tension in 
the string causes a torque. Note that although the velocity of the particle has both radial and 
angular components, there is only one independent variable, which we chose to be @. Here 
œ = 0 is the angular velocity of the particle about the point of contact, which also happens to be 
the rate at which the point of contact is rotating about the center of the cylinder. Hence we may 
write 


Uy = @b; v=@(b-a0) (2) 


From (1) and (2), we can solve for the angular velocity after turning through an angle 8 





ME 1 E 0 P 
b 
The tension will then be (look at the point of contact) 
T = mæ’ (b —a0) =ma,ab (4) 


9-25. The best elements are those that will slow down the neutrons as much as possible. In a 
collision between m, (the neutron) and m, (moderator atom), we would thus want to minimize 
T, (Kinetic energy of the neutron after the collision); or alternatively, maximize T, (kinetic 
energy of the moderator atom after the collision). From Eq. (9.88) 

T, = 4mm, = cos? ¢ 

Ty (m +m,) 





Since one cannot control the angle ¢, we want to maximize the function 
Tm, 


(m, + m; 
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with respect to m, . (m, = constant) 


df _ (mi -m) 


dm, (m, + m, 





=0 when m, = m, 


d PONE P ; ; 
By evaluating 1 f | one can show that the equilibrium point is a maximum. Thus, T, isa 
My 
My =m, 





maximum for m, =m,. Back to reactors, one would want elements whose mass is as close as 


possible to the neutron mass (thus, as light as possible). Naturally, there are many other factors 
to consider besides mass, but in general, the lower the mass of the moderator, the more energy 
is lost per collision by the neutrons. 


9-26. The internal torque for the system is 
N=r, Xf,.+1r,x fy (1) 
where f,, is the force acting on the first particle due to the second particle. Now 
£,--f, Q) 
Then, 


N=(r, -r,)x fi 


-E (c x) «(& -&) (3) 


This is not zero in general because (r, = r,) and (i, - i) are not necessarily parallel. The 


internal torque vanishes only if the internal force is directed along the line joining two particles. 
The system is not conservative. 


9-27. The equation for conservation of p, in the lab system is (see fig. 9-10c): 


0 = m,v, sin y — mv, sing 








Thus 
. Oi . 
sin = ——- sin y 
MV, 
or 
T, 
sin = |= sin y 
m;l, 
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9-28. Using the notation from the chapter: 
m: =h T,-T, 


m: T;=0; T; =T, 


Thus 
=T, +T, or je dm (1) 
T, T, 


NY . RENE 
If we want the kinetic energy loss for m, to be a maximum, we must minimize — or, 
0 


; "E 
equivalently, maximize TC 
0 


From Eq. (9.88): 


T. 4mm 
2: - 1^2 ; cos? ¢ 
I, (m, +m,) 





To maximize this, ¢= 0 (it can't = 180°). 


T, 4mm, 


To (m 4 m) 





The kinetic energy loss for m, is T) — T, . The fraction of kinetic energy loss is thus 








Aq dnos (from (1)) 
T, T, T, 
D-T __4mm, 
To max (m + m» y 





ó- 0 implies y= 0, 180° (conservation of p,). So the reaction is as follows 


uU 
Before: O— Q 
m m, 


üi U, 
After: O O 


m m, 





p,: mQ-mQ,-m, 
1 1 
Ex 2 mv = 2 mu + 2 mv 
; m,—m 
Solving for v, gives v, =—+— v 
m, +m, 
So 


m, travels in + x direction 
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9-29. From Eq. (9.69) 


From Eq. (9.74) 


Substituting gives 


or 


9-30. 


a) 


+ x direction if m, >m, 
m, travels in 
— x direction if m, < m, 


— sin 0 
a cos 0 (m, /m, 
0-mz-26 


sin (z — 2£) 
m, /m,) + cos (z - 2c) 





tan y = 
( 





sin (2¢) 
m, /m,) — cos (2¢) 





tan y = 
( 





Before: Oo— O 


0, Uz 
After: O = O = 
m m, 





Ap, = (0.06 kg)[16 m/s cos 15°- (-8 m/s) cos 45° | 


=1.27 N -sec 


Ap, = (0.06 kg)|16 m/s cos 15°(-8 m/s) sin 45° | 


= —0.09 N -sec 


The impulse P is the change in momentum. 


So 


b) 
So 





P = (-0.09x +1.27y) N -sec 


P-[Fdt-FAt 





F= -(9x + 127y) N 
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9-31. From Eq. (9.69) 











sin 0 
tan y = —————— 
—. — cos 0 
My 
From Eq. (9.74) 
0-z-ó 
Substituting gives 
—. — cos ¢ 
My 
9-32. p; = mu 


p; = mv +2mv, 
Conservation of momentum gives 


U =0 +20, or v,=u,—-20, 








AT = ; mu? —=mv;, mo; 
1 1 
x mu; 7 m(u; Au,v, + 4v3) - mo; 
= 2mu v, —3mv; 
d(AT) u 
=0 implies 2u,=6v, or v,-— 
dv, P 1 2 2 3 





2 
Uz 


B (AT) 


« 0, so thisisa maximum | 


u 
0,21,-20,- — 
3 


un 
U =v, =— 


3 
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9-33. From Eq. (9.87b) in the text, we have 


2 2 à 
T, mi M, 22 
— =——1 _ cos y+,|| | sin y 
T, 
0 (m, +m,) 1 


2 
—— cos? v [m —sin? y + 2cos y $ 
m 


2 
j ii 
m 


Substituting m,/m,=a and cos y= y we have 








z-(eaj* [2 «o? -1e2y fa? «y! 1] 
0 














9-34. 


Before 





Cons. of p,: mu, = mv, cos 45? + mv, cos 0 
Cons. of p,: 0=mv, sin 45? — mv, sin 6 


Cons. of energy (elastic collision) 


= mu; jm a mos 
Solve (1) for cos 8: 
cos = 0/2 
U, 


Solve (2) for sin 8: 
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(1) 


(1) 
(2) 


(3) 
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Substitute into cos? 0-- sin? 0-1, simplify, and the result is 
u? =v} 0; t2 14U, 
Combining this with (3) gives 
20? = V2 u0, 
We are told v, #0, hence 


v, 7u/N2 





Substitute into (3) and the result is 


Since v, =v, , (2) implies 


=f 
[0 - 45°| 





= 45? 


9-35. From the following two expressions for T, /T, , 





T, vi 

———x Eq. (9.82 

T^ q. (9.82) 
T. m m j 
L- L——, cosy t H - sin? y Eq. (9.87b) 
T (m +m,) m, 


we can find the expression for the final velocity v, of m, in the lab system in terms of the 
scattering angle y: 


2 

mu m 

171 2 Sead 

v = ———— cosy t,| — | —sin y (1) 
m, m, m 


If time is to be constant on a certain surface that is a distance r from the point of collision, we 
have 
r =v (2) 
Thus, 
BELLA 


2 
cos w+ 2] —sin? y (3) 


m, +m, m, 


This is the equation of the required surface. Let us consider the following cases: 
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i m,=m,: 


t 
=e cos y t41- sin? y |= mt, cos y (4) 


(The possibility r = 0 is uninteresting.) 


il) m,-2m,: 


r=" (cos y t 44 — sin? v] (5) 


ill) m, =% : Rewriting (3) as 





2 a 
p M,U,ty | cos y ü | 1 | any (6) 
1475 | ™ m m, 
m, 
and taking the limit m, > o», we find 
T = At, (7) 


All three cases yield spherical surfaces, but with the centers displaced: 


Jj 775 zi 
m, -2m, 
m, = m» 





e »- 
m Uto Vato 








This result is useful in the design of a certain type of nuclear detector. If a hydrogenous material 
is placed at 0 then for neutrons incident on the material, we have the case m, = m, . Therefore, 
neutrons scattered from the hydrogenous target will arrive on the surface A with the same time 
delay between scattering and arrival, independent of the scattering angle. Therefore, a 
coincidence experiment in which the time delay is measured can determine the energies of the 
incident neutrons. Since the entire surface A can be used, a very efficient detector can be 
constructed. 


9-36. Since the initial kinetic energies of the two particles are equal, we have 
1 1 
2 mu? = 2 mu, = 2 o^ mu; (1) 


or, 


302 


CHAPTER 9 


Now, the kinetic energy of the system is conserved because the collision is elastic. Therefore, 


1 1 1 
= mu? == m,us = mu? == m,v; 
2 2 2 


since v, = 0. Momentum is also conserved, so we can write 


MU, + mu, — (m, + am, ) u, = m0, 


Substituting the second equality in (4) into (3), we find 


or, 





2 
m,+ am 
1 | u? 


yc 
mu--m, 
2 m, 


Using m/m, =a’, (6) becomes 


solving for o we obtain 


This gives us 


9-37. 


m u ; pras 
a Sti2; -i- (1:2) with | 5220 


Impulse = [F dt 
6x10? 
- i (360-107 £) at 


= (360-6x10° -1 (6x10°)) N:s 








k 
Impulse = 1.44 <2 
S 








Since the initial velocity is zero, v, = Av 


So 


Impulse = AP = mAv 


(3) 


(4) 


(5) 


(6) 


(7) 


(8) 


(9) 
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juu em 

ge E. 
0.003 kg 

V nuzzle = 480 = 
S 





9-38. 
1 
T,= mu? 
1 
T,= mv? 
Thus, 
UAA 
Ty uy 


Now, from the diagram above, we have 
7, =V cos w+ v; cos(0— y) 
Using Eq. (9.68) in the text, this becomes 


0, =v | cos y+ cos (9- n) 


1 


Thus, 


Using Eq. (9.84) in the text, 





Therefore, we find 


T m? 
= 1 los y 
T, (m, +m,) 





(m, /m,) 


If we define 


cos (0— y) 


| 
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(1) 


(2) 


(6) 


(7) 
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S = cos pa a A (8) 
(m, /m,) 
we have 
T, m? 
+ =—_1_ x S? (9) 
Ts (m, 4 m,) 
as desired. 
9-39. 








As explained in Section 9.8, the component of velocity parallel to the wall is unchanged. So 
































v, =usin 0 
v, is given by 
v, vy 
E= zz 
lu, | u cos 0 
or 
lo, = g&u cos 0 
Thus 
; /2 
v= [u? sin? 04 & u’ cos? o] 
. 1/2 
v= u| sin? 04 & cos? 0| 
usin 0 
tan 0’ = ———— 
&€ucos 0 
Or 





0' = tan” E tan | 
E 
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9-40. Because of the string, m, is constrained to move in a circle of radius a. Thus, initially, 
m, will move straight up (taken to be the y direction). Newton's rule applies to the velocity 
component along 14 . The perpendicular component of velocity (which is zero) is unchanged. 
Thus m, will move in the original direction after the collision. 


From conservation of p, we have 
Tu, Sin a = MV; sin a+ M,0, (1) 
From Newton's rule we have 


p- 02 C08 (90° — a) - v, 





uy 
or 
0, =V, Sin à — Eu, (2) 


Substituting (2) into (1) and solving for v, gives 





(24 1)m,u, sina 
v, = — straight up 
m sin” æ + m, 














(2) then gives 









. 2 
u (m, sin^ a- em) 
v = — along u, 
m, sin’ æ +m, 











9-41. Using y=vt- i gt? and v2 0, — gt, we can get the velocities before and after the 


collision: 
1» 23 
Before: u,=—gt, where h = 2 gt 
2h 
So u =-g |—+ =-,/2gh, 
8 
After: 0=v-gt, or t,=0/g 
1 
h, = vot, 2 gt 

















306 
Thus 
ge le; -7| " V2gh, 
lu -u| | 2gh, 
h 
e= | 
h, 
Tiost = T; - T; 
ET 
Fraction lost = 
~~ du-h 4 2 
u? h, h, 
T.-T 
Lle 
T; 
9-42. 
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As explained in Section 9.8, the velocity component in the y-direction is unchanged. 


v =u -|5 = |sin ao^ -25 m/s 
S 


For the x component we have 


























v 72 73-43 m/s 


a 25 


0- tan = 36° 
243 
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9-43. 





Conservation of p, gives 


1 
J2mI, =4mv, cos a + Ve mov, 


or 


al ntl = 5 mv, 





COS A= 


4mv, 
Conservation of p, gives 
1 i 
i= ae —4mv, sina 
or 
Vi 





sin & = 


442 v, 


Substituting into sin «4 cos? a=1 gives 


1 
v? 2mT) + 2 mv, - 2 |mT,mo, 








~ 82v 16 m^ vj 
Simplifying gives 
aU. fy Um 
[erus (1) 
16 8m 8m 


The equation for conservation of energy is 





T 1 1 
T, " = 970i is (4m)vj 


Or 
5T, = 3mv] +12mv; (2) 
Substituting (1) into (2) gives a quadratic in v: 


15mv; — 6 Tom v, -14T, =0 
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Using the quadratic formula (taking the positive sign since v, » 0) gives: 


T 
v, 21.19 | 
m 


Substituting this into the previous expressions for cos a and sin a and dividing gives 


sin a 
tan & = 
cos a 


=1.47 








Thus g, the recoil angle of the helium, is 55.8°. 











9-44. 





E = Mg = uxg where u= mass/length 


F 


impulse 


= mv + mo + MV, since 7 - 9, 0 — 0. 


We have 


So the total force is 


We want F(x = a) 


or 





v? 
F = uag a" 


9-45. Since the total number of particles scattered into a unit solid angle must be the same in 
the lab system as in the CM system [cf. Eq. (9.124) in the text], 


c(0) 2z sin 0d0 - o(v)-2z sin v dy (1) 
Thus, 


sin v dv 
sin 0 dO 





a(0)=o(w) (2) 
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The relation between @and wis given by Eq. (9.69), which is 
sin 0 


tan y = ———— (3) 
cos 0+x 


where x = m,/m, . Using this relation, we can eliminate y from (2): 








— 1 7 1 7 sin 0 4 
MEME IUE MEQUE S 
14 14 (cos +x) x cos 0+ x 
tan y sin? 8 


dy dy d(tany) ^ , cos@(cos@+x)+sin’ 0 








do d(tany)  d6 (eos 84x)" n 
Since cos? y= -—— , (5) becomes 
1-tan* y 
dy _ 1 1l+xcos@ = 1+xcos@ (6) 
do a sin? 0 (cos 0+ ay 14+2x cos 0+ x? 
(cosO+ x) 


Substituting (4) and (6) into (2), we find 





1+ x cos 80 





c(0) - o( js (7) 


(1+ 2x cos 0+ E 


9-46. The change in angle for a particle of mass 4 moving in a central-force field is [cf. Eq. 
(9.121)]. Let y = capital 0 here. 


- (¢/r?) ar 
» u(E-u - /2ur) 





Ay [^ 





e zn 
v 


In the scattering from an impenetrable sphere, fin is the radius of that sphere. Also, we can see 
from the figure that 0- z -2y . 


For r> fan, U = 0. Thus (1) becomes 


aya m Q) 
* J2uE - 07/1? 
Substituting 


bgouptey ET! (3) 
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(2) becomes 


o dr 
Ay - r? 
r p~ 


(4) 


This integral can be solved by using Eq. (E. 10b), Appendix E: 


oo 














DES 
y=sin | ——— (5) 
mH 
p |, 
Thus, 
sin y= 2 (6) 
a 
Therefore, we can find the relation between 0 and b by substituting (9 = z — 2y) into (6). We 
have 
0 
b- = 7 
a c08 (7) 
Now, the differential cross section is given by Eq. (9.120): 
b |db 
0)- — 8 
of) sin 0 p 8) 
From (7), we have 
2 
(0) = E guit ie (9) 
sin 0 2 2 2 4 
Total cross section is given by 
jos! 
= [c(6) da.» —.4 10 
so that 
o, = m0? (11) 











9-47. The number of recoil particles scattered into unit solid angle in each of the two systems, 
lab and CM, are the same. Therefore, 


o(¢) sin 9 d$ = o(Z) sinc dc (1) 


where ¢ and ¢ are the CM and lab angles, respectively, of the recoil particle. From (1) we can 
write [cf. Eq. (9.125) in the text] 


o(¢) sinc dc 
o(g) sing d$ 





(2) 
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Now, in general, ¢=2¢ [see Eq. (9.74)]. Hence, 


sing sing 1 
sing sin2¢ 2cosó 





(3) 





and 
di 1 
n (4) 
Using (3) and (4) in (2), we have 
a(g) o= 1 
c(z) | 4cosc e) 


For m, = m, , the Rutherford scattering cross section is [Eq. (9.141)] 
o(8) 


Also for this case, we have [Eqs. (9.71) and (9.75)] 


k? 1 


“AT? sin" (6/2) e 


ae 
dur, 
(7) 
dec 
5$ 
Hence, 
er: EM Wt 
sno um y — sin (£-c =cos € (8) 


and since the CM recoil cross section o(¢) is the same as the CM scattering cross section o(0), 
(6) becomes 





ke 1 
a(g) Age OE (9) 
Using (5) to express o (c), we obtain 
c(c)- o(9) x 4cosc (10) 
or, 
side (11) 
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9-48. Inthe case m, > m,, the scattering angle v for the incident particle measured in the lab 


system is very small for all energies. We can then anticipate that o (v) will rapidly approach 
Zero as y increases. 


Eq. (9.140) gives the Rutherford cross section in terms of the scattering angle in the CM system: 
E 1 
(417). sin* (0/2) 





(1) 


Om (9) = 


From Eq. (9.79) we see that for m, >>m,, 


m m 
Ij- eu (2) 
m, +m, n, 





Furthermore, from Eq. (9.69), 


sin 0 m, . 
tan y = ——————— = — sin 0 (3) 
cosh ™ 
m, 


and therefore, since wis expected to be small for all cases of interest, 


sin 9z PA tan yz% y, (4) 
M M 
Then, 
2 
cos 0 = |r| (5) 
My 
and 
1 m ? 
sin? (6/2) =—|1-,/1-| + 6 
in’ (42)- - d (6) 


Notice that y «1 , but since m, > m, , the quantity m,y/m, is not necessarily small compared 
y 1 2 q y m 2 y p 
to unity.) 


With the help of (2) and (6), we can rewrite the CM cross section in terms of y as 





2 
mk 1 
H 7 
ou) a T d 
ic 1-|% | 
M 


According to Eq. (9.129), 
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2 
Th cos ZEE | 
My My 


OLAB (v) = Ocm (0) (8) 
Hl 


2 
m . 
— sin y 


2 











m, 


We can compute ctas (v) with the help of (7) and the simplifications introduced in the right- 
hand side of (8) by the fact that y «1: 





2 
l m, [Nl 
m m 
mk 2 2 
mp | —— 56 9 
Oran ly) pa =p : (9) 
AT 
m, m, 
and so, 
mek /2m3T, 
tap (YW) = l Z :) (10) 











This expression shows that the cross section has a second-order divergence at y= 0. For values 
of y >m, /m; , (9) gives complex values for o;,,. This result is due to the approximations 


involved in its derivation, making our result invalid for angles larger than m, /m, . 


9-49. The differential cross section for Rutherford scattering in the CM system is [cf. Eq. 
(9.140) in the text] 





k’ 1 
o( - L5 () 
16T/? sint 0 
2 
where [cf. Eq. (9.79)] 
T = My (2) 


muy +m, 
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Thus, 











Since m, /m, «1, we expand 











This result is the same as Eq. (9.140) except for the correction term proportional to m/m, . 


9-50. The potential for the given force law is 


First, we make a change of variable, z =1/r . Then, from Eq. (9.123), we can write 


b dz 

















ERE 
| 1- G +, | p 
"us 
Zmax T T" 
= sin! ° 
2 D + 5 Zmax 0 
"us 
7 mb 
2 | — > 
mus 
Solving (2) for b = b(0), 
bo k 20 





] muy z^ — A8 


(3) 


(4) 


(5) 


(1) 


(2) 


(3) 
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According to Fig. 9-22 and Eq. (9.122), 
1 
0-—(xm-0 4 
=(2-8) W 
so that b(@) can be rewritten as (6): 
k 7-0 


Ne rr Je(2z — 0) 


The differential cross section can now be computed from Eq. (9.120): 


(5) 




















b |db 
0)- — 6 
ae) 2 5 6) 
with the result 
kr’ (2-6) 
c(0)- 7 
(6) muke (2z — 6)" sin 0 ui 
9-51. 





In the CM system, whenever the neutron is scattered through the angle 6, the proton recoils at 
the angle ¢= z— 0. Thus, the neutron scattering cross section is equal to the recoil cross section 
at the corresponding angles: 











E (1) 
do(0) do(g) 
Thus, 
dN, _ aN, dT, 2) 
dO(0) dT, |dQ(¢) 








where dN, /dT, is the energy distribution of the recoil protons. According to experiment, 


dN, [dT, = const. Since m, 2 m, , T, is expressed in terms of the angle y by using Eq. (9.89b): 


L= sin? y (3) 
0 
We also have y= A for the case m, = m, . Thus, 


dI, |— 1 d m 
DA rang ad sin’ y) A 
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or, 
| aT, T, d [FI 
E sin 
dO($) 2 sin  dó 2 
To sin g cos 9.4. (5) 


 2msinó 2 2 4m 


Therefore, we find for the angular distribution of the scattered neutron, 





daN, _ aN, Ty 
dQ(0) dT, 4x 





(6) 











Since dN, /dT, = const., dN, /dQ is also constant. That is, the scattering of neutrons by protons 
is isotropic in the CM system. 


9-52. Defining the differential cross section o(@) in the CM system as in Eq. (9.116), the 
number of particles scattered into the interval from 0 to 0+ d0 is proportional to 


dN « o(8) sin 0 d0 - —o(0) d(cos 0) (1) 
From Eq. (9.87a) and the assumption of elastic collisions (i.e., T; = T, + T, ), we obtain 


T, 2mm, 
22 ^ T qJ 0 2 
Ty (m, +m, : | s "d 


or, solving for cos 6, 
T, — 2T. 
cos 9 = —— = 


m 


(3) 


4 
where T, = NULL RE T, is the maximum energy attainable by the recoil particle in the lab 


(m, +m, 
system. Then, (1) can be rewritten as 


dN æ 2o (0) 7 


m 


(4) 


and consequently, we obtain the desired result for the energy distribution: 


dN 


a, x o(0) (5) 
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9-53. 

m, = mass of particlea,, m, = mass of **U 

14, uj : velocity of particle œ in LAB and CM before collision 
vı, 0,: velocity of particle oc in LAB and CM after collision 
u,, us: velocity of **U in LAB and CM before collision 

0,, 0)" velocity of **U in LAB and CM after collision 


2 
_ hMi 


u,=0, T, =7.7MeV 


y —90? is angle through which particle @ is deflected in LAB 


0 is angle through which particle «and **U are deflected in CM 
C is recoil angle of **U in LAB 
vi 
m, Uy 





05 


—UcM 


a) Conservation of momentum in LAB: 


m, u, -1m,70,cosó 
TIU 272 

f > Vv =u tang 
M, V, =M, V, sin ¢ 


Conservation of energy in LAB: 


2 2 2 
Miui HER " MV3 


2 2 2 





From these equations we obtain the recoil scattering angle of **U 


mı 





tangs T a fagas 
m, +m, 
b) The velocity of CM of system is 
= mti 
Ü, = 
M mnm 
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The velocity of ?*U in CM after collision is 3, = 9, —3..,. From the above figure we can obtain 
y 2 =V —-Ucw 8 


the scattering angle of particle **U in CM to be 
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í 2 2 

v, sin m, -m 
tan 0 = —— ae z= => 0=89.04° 
V, COS cU. mi 





In CM, clearly after collision, particle œ moves in opposite direction of that of ?*U. 


c) The kinetic energy of particle "^U after collision in LAB is 


2 
2 2.2 
M05 _ mf MV, \ mu, _ 2m 





T, =0.25 MeV 


2 2 FeDe) = m+m, m +m, 
Evidently, conservation of energy is satisfied. 


d) The impact parameter in CM is given in Section 9.10. 
b= E cot (£) 
2T; 2 


where k 2 112. and Ies onu? + m,us) is the total energy of system in CM, 
0 








so pz Hs NS T2 cot( 2) -1.8x1074 m 
4z& mmu; 2 


We note that b is the impact parameter of particle æ with respect to CM, so the impact 


(m, +m,)b 


parameter of particle æ with respect to **U is -1.83x10 m. 


m, 
e) In CM system, the orbit equation of particle ais 
2a (1+ ¢)cos@ where 0-0 corresponds to r= fin 
y! 


a, , : 
=> Tin ==—— is closest distance from particle a to the center of mass, and 
+E 


mın 1 


ATE (mub 


192 m, 


2. 'b 2 
ei [aZ zee mei 
mk 1192 m, 


"nM 
= i + mu? Ane, (mub) 
qu M 


p 
e ————— 
mk 


and 








But the actual minimum distance between particles is 


mcm, p 
min min 


m», 


- 0.93 x 10 m. 


DYNAMICS OF A SYSTEM OF PARTICLES 319 


f) Using formula 


2 
E cos y t 41— x? sin? v) 
OLAB (v) = oc (9) JA xm y 
m k? 1 
where x=—, y=90°, Oey, (@)= 5 j 
Mp (410) sin! (2) 
2 
We find this differential cross section in LAB at v = 90°: 
Oi As (W = 90°) = 3.16 x10” m? 








g) Since A = o(0)sin ydyd@ we see that the ratio of probability is 
SEQUI SIUE =11.1 
o(y') sin y' 

9-54. Equation 9.152 gives the velocity of the rocket as a function of mass: 


v=v,tuln—2 = pin (vy =0) 
m m 


Mo 
p = mv = mu In — 
m 


d 
To maximize p, set MES 0 


dm 


dm 
m m m ns 
In—2=1 =e or — =e"! 
m m My 


To check that we have a maximum, examine 











2 2 

d'p d'p EL 

dm? mr dm m 

d'p 00M ; 

—-———e£«0,so we have a maximum. 
dm? m 
m-mge 0 
m ^ a 


=e 
Mo 
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9-55. The velocity equation (9.165) gives us: 





m 
t)=-gt+ul 2 1 
voee [t P 
where m(t) 2 m, — at , the burn rate a=9m,/107, the burn time z —300 s, and the exhaust 
velocity u = 4500 m-s“. These equations are good only from t = 0 to t = r. First, let us check that 
the rocket does indeed lift off at t = 0: the thrust æu =9um, /107 213.5 m.s ^ -m > mg , as 


required. To find the maximum velocity of the rocket, we need to check it at the times t = 0 and 
t = t, and also check for the presence of any extrema in the region 0 < t < t. We have v(0) = 0, 
v(t) 2-27 uln 10 2 7400 m-s™, and calculate 


do au 


au 
d sa"! [as ipo n 


The inequality follows since au >m,g » m(t)g . Therefore the maximum velocity occurs at f = 1, 





where v=—gr+uln10=7400 m-s”. A similar single-stage rocket cannot reach the moon since 


v(t) «u In (m, /m ba =uln 10 =10.4 m-s™, which is less than escape velocity and independent of 


fuel burn rate. 





9-56. 
a) Since the rate of change of mass of the droplet is proportional to its cross-sectional area, we 
have 
dm 
— -kar? 1 
qr (1) 
If the density of the droplet is p, 
Wee pr (2) 
3 
so that 
dm dm dr dr 
— = — — = 4 2 — z= kr? 3 
d d d og a 
Therefore, 
dr k 
Tu (4) 
dt 4p 
or, 
r-2ünt oe t (5) 
4p 











as required. 
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b) The mass changes with time, so the equation of motion is 








d 
F = — = — + V — = 
TA rU 
Using (1) and (2) this becomes 
= 1 m. akr^v = — pr?g 
or, 
dt Apr $ 
Using (5) this becomes 
do 3k v 
di ap ES 
i E 
4p 
3k k : ; 
If we set A = — and B - —, this equation becomes 
4p 4p 
w A, 
di n«Bt $ 


and we recognize a standard form for a first-order differential equation: 





do 

—-4 P(t)v - Q(t 

= + P(t)- QU) 
in which we identify 

A 
P(t)- : th= 
() ny + Bt Q0)-3 
The solution of (11) is 
v(t)= pium J dus Qdt 4 constant | 

Now, 





A A 
[P(t)dt zi py dt In( + Bt) 


= In(r, + Bt)’ 
. A 
since B = 3. Therefore, 


el" - (1, + Br 
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(6) 


(7) 


(8) 


(9) 


(10) 


(11) 


(12) 


(13) 


(14) 


(15) 
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Thus, 


v(t) - (n + Bt)^ Lf (rs t Bt) e dt+ constant | 


-( e BO? [s e Bi +c] (16) 


The constant C can be evaluated by setting v(t 20) =v): 





Lg 
Up -3| gle «e (17) 
so that 
Cena -En (18) 
We then have 
1 S 4 3 8$ 1 
pe © (n Bt -8 19 
v(t) aan (n + ) t Vol "7 x (19) 
or, 
1 & 4 3 
t)= -$-(Bt) +0 20 
(= as ÉE +o) 20) 


where ofr?) means “terms of order r and higher." If r, is sufficiently small so that we can 


neglect these terms, we have 
v(t) ot (21) 


as required. 


9-57. Start from our definition of work: 
dp 
W =| Fdx=|—dx=|0d 1 
[Fax - [dx - [od (1) 
We know that for constant acceleration we must have v = at (zero initial velocity). From 
Equation (9.152) this means 
m =m e" (2) 


We can then compute dp: 


dp = d(mv) = d (mat) = ma dt + at dm = m, ae "^ E - = dt (3) 
u 


This makes our expression for the work done on the rocket 
ma 


W, =— ‘(at)(u -at)e "" dt (4) 
u 
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The work done on the exhaust, on the other hand, is given with v > (v — u) and 
dp — dm, 4 (0 — 4), so that 


Wee ‘(at -uJ e" dt (5) 


e u 0 


The upper limit on the integrals is the burnout time, which we can take to be the final velocity 
divided by the acceleration. The total work done by the rocket engines is the sum of these two 
quantities, so that 


Ma ¢ v/a —at/u vfu z% 
NR : (u? —uat)e "* dts mou? J, (1- x)e* dx (6) 


where the obvious substitution was made in the last expression. Upon evaluating the integral 
we find 


W = myuve "" = muo (7) 


where m is the mass of the rocket after its engines have turned off and v is its final velocity. 


9-58. From Eq. (9.165) the velocity is 
dy 


v= =—gt+uln o 


dt 
m 
fay=f |-gt+u 1m Pe [a 


Since Ma -a, dt = -dma 
dt 





1 > u Mo 
y+C= 35 zf In dm 
a a 
Jn“ de=x(1+In 2), so we have 
x x 


1 u m 
+C=-— ef -—|m+ml ^ 
y 58 m min— 


Evaluate C using y = 0 when t = 0, m= m, 


punc 
[94 


u(m,-m) 1 , mu, m 

=>- gf? -—— In; m, -m=at 

a 25 a m s 

gae a a m 
2 a 


At burnout, y= ys, t=t, 
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1 mu, m 
2 n—2 














After burnout, the equations are 
y= yo tot - 8” and v=v, — gt 
Calling the top of the path the final point 
v,=O=v0,-gt, or t,=03/g 


2 2 2 
_ Up UB _ Up 


“og 2g 2g 





V — Vo + Y=0 


2 
= Vs. 


2g 





9-59. In order to immediately lift off, the thrust must be equal in magnitude to the weight of 
the rocket. From Eq. (9.157): 


Thrust = væ v = velocity of fuel 
So 
Ua = mg 


Or 


9-60. The rocket will lift off when the thrust just exceeds the weight of the rocket. 


Thrust = -u ae =ua 


dt 
Weight = mg = (m, = at)g 


Set thrust = weight and solve for t: 


ue - (m, -et)g; je e 


a 8 
With m, 2 70000 kg, a 2250 kg/s, u 22500 m/s, g 29.8 m/s 


[1225 sec 


The design problem is that there is too much fuel on board. The rocket sits on the ground 
burning off fuel until the thrust equals the weight. This is not what happens in an actual launch. 
A real rocket will lift off as soon as the engines reach full thrust. The time the rocket sits on the 
ground with the engines on is spent building up to full thrust, not burning off excess fuel. 





DYNAMICS OF A SYSTEM OF PARTICLES 325 


9-61. From Eq. (9.153), the velocity after the first state is: 
0, =V +ulnk 
After the second stage: 
V, =V; +u ln k =v, +2uln k 
After the third stage: 
Vv, =V, +u ln k =v, +3uln k 
After the n stages: 


V, =V, 1 +ulnk=v,+nuln k 








v, =V +nulnk 








9-62. To hover above the surface requires the thrust to counteract the gravitational force of 
the moon. Thus: 


x d. 
d 4 
_budm _ y 
gm 
Integrate from m =m, to 0.8 m, and t =0 to T: 
pen npg ss S00 meh ig 
g 9.8 m/s 


T =273 sec 
9-63. 


a) With no air resistance and constant gravity, the problem is simple: 
: mo, = mgh (1) 


giving the maximum height of the object as h = v; /2g = 1800 km. The time it takes to do this is 
v)/g=610s. 


b) When we add the expression for air resistance, the differential equation that describes the 
projectile’s ascent is 


(ele 
peu gen e --mg 1e 
2 V; 


T (2) 
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where v, = J2mg [c pA «2.5 km.s'! would be the terminal velocity if the object were falling 
from a sufficient height (using 1.3 kg- m ? as the density of air). Solution of this differential 


equation gives 


feni) 
v(t) 2 v, tan |tan ' ES Ed (3) 


V, V, 








This gives v = 0 at time t= (v, / g) tan” (v, /2,) = 300 s. The velocity can in turn be integrated to 


give the y-coordinate of the projectile on the ascent. The height it reaches is the y-coordinate at 
time z 


2 (ai. ¥2 
h= n em 
0, 


2g (4) 








which is = 600 km. 


c) Changing the acceleration due to gravity from -g to - GM, 5 (R, + yy. =-g [R. / (R, + yr 
changes our differential equation for y to 
2 


, (v f ES 
KERESI 5 


Using the usual numerical techniques, we find that the projectile reaches a height of = 630 km in 





a flight time of = 330 s. 


d) Now we must replace the p in the air resistance equation with p(y). Given the dependence 


of v, on p, we may write the differential equation 


TRA 
" p R, 
v (uh o 
Po V, R, + y 
where we use log, p(y) 20.11—-(5x10?)y and p, 21.3, with the p’s in kg-m ? and y in meters. 


The projectile then reaches a height of = 2500 km in a flight time of = 940 s. This is close to the 


height to which the projectile rises when there is no air resistance, which is = 2600 km. 
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height (1000 km) 














9-64. We start with the equation of motion for a rocket influenced by an external force, Eq. 
(9.160), with F,,, including gravity, and later, air resistance. 


a) There is only constant acceleration due to gravity to worry about, so the problem can be 
solved analytically. From Eq. (9.166), we can obtain the rocket's height at burnout 


Y, — ut, sn € in] (1) 


a m, 





where m, is the mass of the rocket at burnout and a = (m, — m, )/t, . Substitution of the given 
values gives y, = 250 km. After burnout, the rocket travels an additional v; /2g , where v, is the 


rocket velocity at burnout. The final height the rocket ends up being = 3700 km, after everything 
is taken into account. 


b) The situation, and hence the differential equation, becomes more complicated when air 
resistance is added. Substituting E, » —mg — cypAv' /2 (with p=1.3 kg-m) into Equation 
(9.160), we obtain 


do ua Cy OAV? 
d m $ e e 


m 2m 





We must remember that the mass m is also a function of time, and we must therefore include it 


also in the system of equations. To be specific, the system of equations we must use to do this by 
computer are 


U 


ua z cy pAv* 





m 2m 
-a 


S. ace: 
I 
G 
~x 


These must be integrated from the beginning until the burnout time, and therefore must be 
integrated with the substitution a = 0. Firstly, we get the velocity and height at burnout to be 
v, 27000 m.s! and y, «230 km. We can numerically integrate to get the second part of the 
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journey, or use the results of Problem 9-63(b) to help us get the additional distance travelled 
with air resistance, analytically. The total height to which the rocket rises is = 890 km in a total 


flight time of = 410 s. 


c) The variation in the acceleration of gravity is taken into account by substituting 

GM, / (R, + yy. = g|R. / (R, + y) for g in the differential equation in part (b). This gives 

v, 6900 m.s, y, « 230 km, with total height = 950 km and time-of-flight = 460 s. 

d) Now one simply substitutes the given expression for the air density, p(y) for p, into the 
differential equation from part (c). This gives v, 28200 m.s! , y, «250 km, and total height 
= 8900 km with time-of-flight = 2900 s. 





10 


height (km) 
Xx 














l 
1.5 2 2.5 3 





t (1000 s) 
MEM ©) =g cedi B) 
9-65. 
Total impulse Pz85N.s 
Total mass my = 0.054 kg 
Burn time t,-15s 
. zd? 42 
Rocket cross section area S= a 45x10 m 
Drag coefficient €, = 0.75 
Drag force D= 55,87 = Kv’ =2x10* v? N 


where p=1.2 kg/m! is density of air 
and v is rocket's speed 
Rocket exhaust speed u = 800 m/s 


a) The total mass of propellant is 


Am - F-04106 kg 
u 
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Since am ~ 20% m, , we will assume that the rocket's mass is approximately constant in this 
problem. The equation of motion of rocket is 


mV -m,g ua — Kv? 
(where a = E -7.x10? kg/s is fuel burn rate) 
f 
modo 
ae oN eer 
(ua = My) - Ko 


Using the initial condition at t = 0, v = 0, we find 


- dt 


2 
Mo 


Jije (ua -m g) mnf mecnm 
K 
At burn-out, t «f f= 1.5 s, we find 
v; —v(1,) - 114.3 m/s 


The height accordingly is given by 


( )! 
h(t) = Jot) dt = T E E Ee 


At burn out, f «f pj, we find the burn-out height 
h; = h(t ,) =95.53 m 


b) After the burn-out, the equation of motion is 


S Sey > UE di 
dt mg + Ko 


v(t) = NS un! -c 


Using the initial condition at t =t fr 0 =V We find the constant C = -1.43 rad, so 


) 
v(t) = — | 8 one KS 143 

VK m 7) 
and the corresponding height 


( Kg \ 
h(t) - h, joan rs slo ssil eos(: E-148) | 


with solution 
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When the rocket reaches its maximum height (at t =t 
v(t 


max ) the time tax can be found by setting 
) « 0. We then find taa =7.52 s. And the maximum height the rocket can reach is 


max 


hu = htp) = 334 m 


C) Acceleration in burn-out process is (see v(t) in a)) 
| ua — Mg 1 


a(t) = dv : 
dt m Huse 
3 cosh? i k(ua — mg) n) 





Mo 
Evidently, the acceleration is maximum when t = 0 and 


a, =a(t=0)= #8 -95.4 m/s? 
Mo 


d) In the fall-down process, the equation of motion is 





With the initial condition t = t 


max / 


u(t) =- E tant (e-t) EE 


because then the rocket falls downward) 


v = 0, we find (t2 tnax] 


(v(t) is negative for t >t 


max / 


The height of the rocket is 


f 
- Luo Mo a Kg 
boh J OC at = Hn E Zr Eas) fz | 


To find the total flight-time, we set h = 0 and solve for t. We find tta = 17.56 s 


total 


e) Putting t= foa into the expression of V, in part d), we find the speed at ground impact to 


be 
[m [K 
Uy Ha a tanh [2 ix ^ | = 49.2 m/s 


9-66. If we take into account the change of the rocket's mass with time m — m, — at, where a 





is the fuel burn rate, 
a -2741x10? kg/s 
as calculated in problem 9-65. 


The equation of motion for the rocket during boost phase is 
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do dt 


Kv -ua  at-m, 





(m, - at) 22 -ug-Kv => 
dt 
Integrating both sides we obtain finally 
(44 C(at- my) Ya ua 
v(t) = eta n AT) a 
T= (at = mo) d 
where C is a constant. Using the initial condition v(t) - 0 at t 20, we can find C and the velocity 


is 





( at \ 
umm) 
v(t) = K Ku 
Tom 
m, 


a) The rocket speed at burn-out is (note f, 21.5 s). 
0, -0(H,) 2131.3 m/s 


b) The distance the rocket has traveled to the burn-out is 


t 
h, = [v(t) dt 21085 m 


0 


9-67. From Equation (9.167) we have 


= 2 
H, = ae) a min Z£) em =m, 





Using numerical values from Example 9.12 
a 2 —1.2x10* kg/s 

m, 72.8 x 105 kg 

m, — 0.7 x 10* kg 

u = 2.600 m/s 

we find H,, - 97.47 km. 

From Equation (9.168) we find 





bo = Sont) "p tu "(A 


V, 72125 m/s 
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CHAPTER 1 Ü 





Motion in a 
Noninertial Reference Frame 


10-1. The accelerations which we feel at the surface of the Earth are the following: 


(1) Gravitational : |980 cm/sec? 


(2) Due to the Earth's rotation on its own axis: 


2 
ro? - (64x10? cm) x EL 1 
86400 sec/day 


- (64105) «(73x105)' = 


(3) Due to the rotation about the sun: 


2 
ræ? - (1.5 x10" Zu ou Maa Sean | 


86400 x 365 sec/day 


72 
=(15x10°)x Z] - [5 em/sec?] 


365 


10-2. The fixed frame is the ground. 








The rotating frame has the origin at the center of the tire and is the frame in which the tire is at 
rest. 


From Eqs. (10.24), (10.25): 


a,=R,+a,+@xr+@x(@xr)+2 xv, 


333 
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Now we have 


R, =-acos 0i-asin 0j 


r=nhi v, =a, =0 
V . a 

@=— o=—k 
To To 


Substituting gives 


A : : MEE 

a, --acosQicasinQjraj-—i 
f 
0 


2 
a=- Éraeso [iint 1)a (1) 


To 


2 
We want to maximize la j|, or alternatively, we maximize la | : 





4 2 

2 v 2av : . 

aj =—~+a° cos? 0+ — cos 0 d^ & 24? sin 0 d^ sin’ 0 

r. r. 
0 0 


4 2 
v 2av . 
=— + 2a” + —— cos 0+ a’ sin? 0 
To To 
d| ? 2 
a | 2av 
AA L cosO4 2d! cos 0 
do To 
ar 
=0 when tan 0= —- 
v 


(Taking a second derivative shows this point to be a maximum.) 


ar v? 


Jar v 


tan 0=—> implies cos 0— 
Ü 


and 


Substituting into (1) 











This may be written as 
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This is the maximum acceleration. The point which experiences this acceleration is at A: 


ar, 
where tan - —- 
v 


10-3. We desire F,, = 0. From Eq. (10.25) we have 


E, =F- mË, — mò xr- mo x(oxr)-2mo x v, 


o 


The only forces acting are centrifugal and friction, thus mg = mor , or 


Ug 
y ==> 
o 


10-4. Given an initial position of (-0.5R,0) the initial velocity (0,0.5@R) will make the puck 
motionless in the fixed system. In the rotating system, the puck will appear to travel clockwise 
in a circle of radius 0.5R. Although a numerical calculation of the trajectory in the rotating 
system is a great aid in understanding the problem, we will forgo such a solution here. 


10-5. The effective acceleration in the merry-go-round is given by Equation 10.27: 
X=@x+2oy (1) 
ij = oy - 20x (2) 
These coupled differential equations must be solved with the initial conditions 
x, =x(0)=-0.5m, y, 2 y(0) 2 0 m, and <(0)=74(0)=v,//2 m.s", since we are given in the 
problem that the initial velocity is at an angle of 45? to the x-axis. We will vary v, over some 
range that we know satisfies the condition that the path cross over (x,,y,). We can start by 
looking at Figures 10-4e and 10-4f, which indicate that we want v, » 0.47 m.s'! . Trial and error 
can find a trajectory that does loop but doesn't cross its path at all, such as v, 20.53 m.s. 
From here, one may continue to solve for different values of v, until the wanted crossing is 


eyeball-suitable. This may be an entirely satisfactory answer, depending on the inclinations of 
the instructor. An interpolation over several trajectories would show that an accurate answer to 


the problem is v, 20.512 m-s”, which exits the merry-go-round at 3.746 s. The figure shows 
this solution, which was numerically integrated with 200 steps over the time interval. 
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0.5 y Ng 


y (m) 
= 

= 
li 


0.5. PN 4 











1 0-6. 


z= flr) 





> r 


Consider a small mass m on the surface of the water. From Eq. (10.25) 
E, =F- mË, — mò xr- mo x(oxr)-2mo x v, 


In the rotating frame, the mass is at rest; thus, E, = 0 . The force F will consist of gravity and the 
force due to the pressure gradient, which is normal to the surface in equilibrium. Since 


R, =0 =v, =0, we now have 
0=mg +F, — mo x (o xr) 


where F, is due to the pressure gradient. 


2y 





Since E, =0 , the sum of the gravitational and centrifugal forces must also be normal to the 
surface. 


Thus 09 = 0 


2 
or 
tan 0’ = tan 0 = —— 
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but 


tan 0 = — 
dr 


Thus 


2 
O 2 
Z= Je r° + constant 





The shape is a circular paraboloid. 





10-7. For a spherical Farth, the difference in the gravitational field strength between the poles 
and the equator is only the centrifugal term: 

8 poles m S equator = cR 
For o -7.3x10?rad.s' and R = 6370 km, this difference is only 34 mm.s^. The disagreement 
with the true result can be explained by the fact that the Earth is really an oblate spheroid, 
another consequence of rotation. To qualitatively describe this effect, approximate the real Earth 
as a somewhat smaller sphere with a massive belt about the equator. It can be shown with more 
detailed analysis that the belt pulls inward at the poles more than it does at the equator. The 
next level of analysis for the undaunted is the "quadrupole" correction to the gravitational 
potential of the Earth, which is beyond the scope of the text. 


1 0-8. 


Choose the coordinates x, y, z as in the diagram. Then, the velocity of the particle and the 
rotation frequency of the Earth are expressed as 


v =(0,0,2) " 


(O) -(-o cos A, 0, o sin A) 


so that the acceleration due to the Coriolis force is 


a =-2 xt -2o(0, - 2 cos A, 0) (2) 


338 CHAPTER 10 


This acceleration is directed along the y axis. Hence, as the particle moves along the z axis, it 
will be accelerated along the y axis: 


ij 2-20z cos A (3) 
Now, the equation of motion for the particle along the z axis is 
Z=V, — gt (4) 
Z=U,t - - gt (5) 
2 


where v, is the initial velocity and is equal to ./2gh if the highest point the particle can reach is 
h: 


Ug — J2gh (6) 
From (3), we have 


y =—2@z cos +c (7) 


but the initial condition y(z=0)=0 implies c = 0. Substituting (5) into (7) we find 
; 1 5 
j- 2o cos 2 (o - gi ) 
- 09 cos A (gt? - 2o) (8) 
Integrating (8) and using the initial condition y(t = 0) = 0, we find 
y=acosa E gt- f" (9) 


From (5), the time the particle strikes the ground (z = 0) is 


0-(w - 3t)! 


so that 
p= 2% (10) 
Substituting this value into (9), we have 
3 2 
yos] ty So T 
3 g g 
3 
22$ geri (11) 
3 g 


If we use (6), (11) becomes 
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3 
t dE sd (12) 
y 
3 Ys 


The negative sign of the displacement shows that the particle is displaced to the west. 





10-9. Choosing the same coordinate system as in Example 10.3 (see Fig. 10-9), we see that the 
lateral deflection of the projectile is in the x direction and that the acceleration is 


a4, =X=20,0, - 2(o sin A)(V, cos a) (1) 
Integrating this expression twice and using the initial conditions, x(0) 20 and x(0)20, we 
obtain 
x(t) 2 @ Vf? cos a sin A (2) 
Now, we treat the z motion of the projectile as if it were undisturbed by the Coriolis force. In 
this approximation, we have 


z(t) - Vt sina - i gt (3) 


from which the time T of impact is obtained by setting z = 0: 
_ 2V, sin a 
s 


Substituting this value for T into (2), we find the lateral deflection at impact to be 


T (4) 


40V? 
x(T)= - sin A cos asin’ a (5) 








10-10. In the previous problem we assumed the z motion to be unaffected by the Coriolis 
force. Actually, of course, there is an upward acceleration given by —2@,v, so that 


Z-20V,cosacosA-g8 (1) 


from which the time of flight is obtained by integrating twice, using the initial conditions, and 
then setting z = 0: 


2V, sin a 


a 


i g — 20V, cos a cos A 





(2) 


Now, the acceleration in the y direction is 
8, 2i 720,0, 
- 2(-o cos A)(Vo sin a — gt) (3) 


Integrating twice and using the initial conditions, y(0)=V, cos æ and y(0)2 0, we have 
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y(t)= : agt cos A- @V t’ cos A sin a+ Vf cos a (4) 


Substituting (2) into (4), the range R' is 


.8 oV, gsin? acos A 40V; sin? æ cos A 2V? cos æ cos A 
3 (g - 29V, cos a cos Ay (g - 20V, cos æ cos AY 8 - 20V, cos a cos A 


, 





(5) 


We now expand each of these three terms, retaining quantities up to order œ but neglecting all 
quantities proportional to o? and higher powers of c. In the first two terms, this amounts to 
neglecting 20V, cos æ cos 4 compared to g in the denominator. But in the third term we must 
use 


2V; cosasina  _ 2V? QV, 








i 2 
cosa sina | 1+ COS 4 COS A 


20V, 





ee cos. cos. 


40V? 
=R} + O° sin æ cos? æ cos À (6) 
8 





2 


where Rj is the range when Coriolis effects are neglected [see Example 2.7]: 


2 
R; =— cos a sin « (7) 





The range difference, AR’ = R' - Rj, now becomes 


4oV; 
= Am 


AR’ 





cos Å | sin a cos? q — E sin? a (8) 
3 


Substituting for V, in terms of Rj from (7), we have, finally, 


2R; 1 
AR'- [= @cos À [cot a — 3 tan?” a) (9) 
& 
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10-11. 


R sin 0 


c 








This problem is most easily done in the fixed frame, not the rotating frame. Here we take the 
Earth to be fixed in space but rotating about its axis. The missile is fired from the North Pole at 
some point on the Earth's surface, a direction that will always be due south. As the missile 
travels towards its intended destination, the Earth will rotate underneath it, thus causing it to 
miss. This distance is: 


A = (transverse velocity of Earth at current latitude) x (missile's time of flight) 





-aoRsinOxT (1) 
v R 


Note that the actual distance d traveled by the missile (that distance measured in the fixed 
frame) is less than the flight distance one would measure from the Earth. The error this causes 
in A will be small as long as the miss distance is small. Using R = 6370 km, ø =7.27 x10” 

rad. s !, we obtain for the 4800 km, T = 600 s flight a miss distance of 190 km. For a 19300 km 


flight the missile misses by only 125 km because there isn't enough Earth to get around, or 
rather there is less of the Earth to miss. For a fixed velocity, the miss distance actually peaks 
somewhere around d = 12900 km. 


Doing this problem in the rotating frame is tricky because the missile is constrained to be in a 
path that lies close to the Earth. Although a perturbative treatment would yield an order of 
magnitude estimate on the first part, it is entirely wrong on the second part. Correct treatment 
in the rotating frame would at minimum require numerical methods. 


10-12. 





342 


Using the formula 


E, = ma, -mo x(o xr)-2mo xv, 


e 
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(1) 


we try to find the direction of Ej, when ma, (which is the true force) is in the direction of the z 


axis. Choosing the coordinate system as in the diagram, we can express each of the quantities in 


(1) as 

v,-0 

œ — (-0 cos 4,0, o sin A) 

r= (0,0, R) 
ma , — (0,0,—mg,) 
Hence, we have 
o xr- RocosAe, 

and (1) becomes 


e e e 


x y z 
Ej --mg,e, —m|-o cos A 0 0 sin A 
0 Ro cos A 0 
from which, we have 
E, =—mg,e, +mRa sin A cos A e, + mRo? cos? Ae, 


Therefore, 
(F,), 7? mRo* sin À cos A 
(F,), 2 -mg, * mRo* cos? A 
The angular deviation is given by 


| 
KE). 





" Ro? sin À cos A 





tan € 5 2 
ga- Ro* cos A 





Since £is very small, we can put £z £. Then, we have 





Ro? sin A cos A 
E= 2 2 
go —Ra* cos A 





It is easily shown that ¢is a maximum for 4 = 45°. 


Using R264x10* cm, @=7.3x10° sec! , g 2 980 cm/sec’, the maximum deviation is 


ez DUE z 0.002 rad 
980 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


(8) 


(9) 
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10-13. 








The small parameters which govern the approximations that need to be made to find the 
southerly deflection of a falling particle are: 
height of fall 
óz LN ELLE (1) 
R radius of Earth 


and 


Ro* centrifugal force 





(2) 


A= = 
go purely gravitational force 

The purely gravitational component is defined the same as in Problem 10-12. Note that 
although both Sand « are small, the product da =hw’/g, is still of order œ? and therefore 
expected to contribute to the final answer. 


Since the plumb line, which defines our vertical direction, is not in the same direction as the 
outward radial from the Earth, we will use two coordinate systems to facilitate our analysis. The 
unprimed coordinates for the Northern Hemisphere-centric will have its x-axis towards the 
south, its y-axis towards the east, and its z-axis in the direction of the plumb line. The primed 
coordinates will share both its origin and its y'-axis with its unprimed counterpart, with the z'- 
and x'-axes rotated to make the z'-axis an outward radial (see figure). The rotation can be 
described mathematically by the transformation 


x=x'cosé+z' sin € (3) 
y= y' (4) 
Z=-x' sin €+Z' cos £ (5) 
where 
o 
ez sin A cos A (6) 





as found from Problem 10-12. 
a) The acceleration due to the Coriolis force is given by 
ay =-20 x v' (7) 


Since the angle between wand the z'-axis is z— A, (7) is most appropriately calculated in the 
primed coordinates: 


344 CHAPTER 10 


X' -2oy'sinA (8) 
y - -2o(2' cos 4+ x' sin A) (9) 
Z'=2ay' cos Å (10) 


In the unprimed coordinates, the interesting component is 

X= 2o (sin À cos £+ cos Å sin é) (11) 
At our level approximation this becomes 

X=2oy sin A (12) 
Using the results for y and Z , which is correct to order o (also found from Example 10.3), 

X 220! gt’ sin A cos A (13) 


Integrating twice and using the zeroth order result for the time-of-fall, t = /2h/2 , we obtain for 
the deflection 


d 2 Lal @ sin A cos A (14) 
& 
b) The centrifugal force gives us an acceleration of 
a, 2-0 x(@ xr’) (15) 
The component equations are then 
X' 2 o sin A|x' sind +(R+2z') cos 4 | (16) 
i =o°y' (17) 
ž' = o cos A| x' sin 4+ (R+ z') cos 4 |- g, (18) 


where we have included the pure gravitational component of force as well. Now transform to 
the unprimed coordinates and approximate 


ž=@° (R+ z)sin 4 cos 4- g, sine (19) 


We can use Problem 10-12 to obtain sin £ to our level of approximation 


2 
2 sin Acos A (20) 


So 





siné=é= 


The prompts a cancellation in equation (19), which becomes simply 
x — oz sin À cos A (21) 
Using the zeroth order result for the height, z = h- gt’ /2 , and for the time-of-fall estimates the 
deflection due to the centrifugal force 
5R? 


d, =>— e sin A cos À (22) 
68 
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c) Variation in gravity causes the acceleration 
a Sie ode (23) 
r 


where r=x'i+ y'j - (R z')K is the vector pointing to the particle from the center of the 
spherical Earth. Near the surface 
r? 2x" e y" e (z' « Ry « R? +2Rz' (24) 


so that (23) becomes, with the help of the binomial theorem, 


a, (ie yj - 22'k) (25) 
Transform and get the x component 
jaso g cos €+ 2Z' sin é) (26) 
= (s cos £- z sin é) cos £ + 2(x sin £+ Z cos é) sin e] (27) 
= Se (-x +3zsin £) (28) 
Using (20), 
X «3o?z sin A cos A (29) 


where we have neglected the x/R term. This is just thrice the part (b) result, 


o5 EE 
d,z———0 sin AcosA (30) 
28 
Thus the total deflection, correct to order o, is 


2 


gaps sin A cos A (31) 
8 


(The solution to this and the next problem follow a personal communication of Paul Stevenson, 
Rice University.) 


10-14. The solution to part (c) of the Problem 10-13 is modified when the particle is dropped 
down a mineshaft. The force due to the variation of gravity is now 


a = r4 gk (1) 


sR 


As before, we approximate r for near the surface and (1) becomes 


8 


a = ie y z'k) (2) 


In the unprimed coordinates, 
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, x 
X — —8o R (3) 


To estimate the order of this term, as we probably should have done in part (c) of Problem 
10-13, we can take x ~ ^o /2 , so that 


h 
b-ohx— 4 
¥~athxe (4) 


which is reduced by a factor h/R from the accelerations obtained previously. We therefore have 


no southerly deflection in this order due to the variation of gravity. The Coriolis and centrifugal 
forces still deflect the particle, however, so that the total deflection in this approximation is 


2 
don os TOUS (5) 
28 


10-15. The Lagrangian in the fixed frame is 
1 
L=> mv; -u(r) (1) 


where v, and r, are the velocity and the position, respectively, in the fixed frame. Assuming 


we have common origins, we have the following relation 
V;-V, tO XI, (2) 


where v, and r, are measured in the rotating frame. The Lagrangian becomes 


r 


L= A |o; 2v, (xx) «(ox |-u(z) (3) 


The canonical momentum is 


p, mv, emo xx.) (4) 


The Hamiltonian is then 


2 2 


H=v,-p, => mo U(r, ) = "o x.) 


T r T 








(5) 


H is a constant of the motion since OL/0t =0 , but H # E since the coordinate transformation 
equations depend on time (see Section 7.9). We can identify 


C 


u =- m(oxs} (6) 
as the centrifugal potential energy because we may find, with the use of some vector identities, 
-VU, = SV or - (o . 1) | (7) 


=m| œr, - (o-x.)o | (8) 
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=—M@ x (@ -t,) (9) 


which is the centrifugal force. Computing the derivatives of (3) required in Lagrange’s 
equations 


dece ae aN (10) 
JL my [(v, xe)-r, ]- v(U, +U) (11) 
or, 
--m(o xv,)- mo x(o x r,)- VU (12) 
The equation of motion we obtain is then 
ma, --VU -mo x(@ xr,) - 2m(o x v,) (13) 


If we identify E, — ma, and F - -VU , then we do indeed reproduce the equations of motion 
given in Equation 10.25, without the second and third terms. 


10-16. The details of the forces involved, save the Coriolis force, and numerical integrations 
in the solution of this problem are best explained in the solution to Problem 9-63. The only thing 
we do here is add an acceleration caused by the Coriolis force, and re-work every part of the 
problem over again. This is conceptually simple but in practice makes the computation three 
times more difficult, since we now also must include the transverse coordinates in our 
integrations. The acceleration we add is 


a, = 20| v, sin Ai — (v, Sin Å +v, Cos Aj +0, cos Ak | (1) 
where we have chosen the usual coordinates as shown in Figure 10-9 of the text. 


a) Our acceleration is 


a=-gk+ac (2) 


As a check, we find that the height reached is = 1800 km, in good agreement with the result of 
Problem 9-63(a). The deflection at this height is found to be = 77 km, to the west. 
b) This is mildly tricky. The correct treatment says that the equation of motion with air 


resistance is (cf. equation (2) of Problem 9-63 solution) 


ier en |+ac (3) 
v, 

The deflection is calculated to be = 8.9 km. 

c) Adding the vaiation due to gravity gives us a deflection of = 10 km. 


d) Adding the variation of air density gives us a deflection of = 160 km. 
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Of general note is that the deflection in all cases was essentially westward. The usual small 
deflection to the north did not contribute significantly to the total transverse deflection at this 
precision. All of the heights obtained agreed well with the answers from Problem 9-63. 
Inclusion of the centrifugal force also does not change the deflections to a significant degree at 
our precision. 


10-17. Due to the centrifugal force, the water surface of the lake is not exactly perpendicular 
to the Earth's radius (see figure). 


E Neg 
ig. 
To Me 


The length BC is (using cosine theorem) 





BC = JAC? + (mgY -24Cmg cos a 


where AC is the centrifugal force AC = mo" R cos æ with a = 47° and Earth's radius 
R = 6400 km, 


The angle 2 that the water surface is deviated from the direction tangential to the Earth's surface 
is 
BC AC AC sin 


— => sin l= ——— =43x10° 
sina sin BC 








So the distance the lake falls at its center is A =r sin J where r = 162 km is the lake's radius. 


So finally we find h = 7 m. 
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10-18. Let us choose the coordinate system Oxyz as shown in the figure. 





The projectile's velocity is 


(v,Y ( vy, cos ) 
v= V =| wsinf-—gt| where f 2 37? 
0 0 


The Earth's angular velocity is 


—(Q cos d 
@=| —ø sin & where a =50° 
0 
So the Coriolis acceleration is 
d,-2yx0- (-2w, @ cos p sin at2(v, sin B - gt)o cos aye 


The velocity generated by Coriolis force is 
t 
v, - [«. dt = 2v, at (cos B sin æ -sin f cos a)— g^ cosa 
0 


And the distance of deviation due to the Coriolis force is 


gt^o cos a 
3 





t 
Z, -[x. dt = —w at’ sin (a — ff) 
0 


2v, sin B 


The flight time of the projectile is t = . If we put this into z, , we find the deviation 


distance due to Coriolis force to be 


z,-260 m 
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10-19. The Coriolis force acting on the car is 
F, = 2m7 x Ö > |F| = 2mvo sin a 


where a = 65°, m = 1300 kg, v = 100 km/hr. 


So |Ë |= 4.76 N. 








10-20. Given the Earth's mass, M = 5.976 x10” kg, the magnitude of the gravitational field 
vector at the poles is 


Epot = OM . 0.866 mis? 


pole 
The magnitude of the gravitational field vector at the equator is 
| GM 
ni 2 
Ra 





[0 — a R,, — 9.768 m/s 


where @ is the angular velocity of the Earth about itself. 


If one use the book's formula, we have 
g(À = 909) = 9.832 m/s? at the poles 
and 


g(A — 09) 2 9.780 m/s? at the equator 


10-21. The Coriolis acceleration acting on flowing water is 

d, -29xo => |a,)=2vosina 
Due to this force, the water is higher on the west bank. As in problem 10-17, the angle 5 that the 
water surface is deviated from the direction tangential to Earth's surface is 


vo si 
sin B= c NM EUH =2.5x10° 


Vg +a? E Je? - 4v'o sin? ac 
The difference in heights of the two banks is 
Ah = ( sin B 21.2x107 m 





where / 247 mis the river's width. 


10-22. The Coriolis acceleration is 4, = 2V x ©. This acceleration à, pushes lead bullets 








eastward with the magnitude |à,| = 2vo cos a = 2gt o cos a, where a = 42°. 


The velocity generated by the Coriolis force is 
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v(t) - [a dt = gt^o cos à 
and the deviation distance is 


3 
Ax, = Jv.) dto É- o cosa 


The falling time of the bullet is t = J/2//g . So finally 


3 
Ax, 22 [i cos a = 226x10? m 
3Y8g 
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CHAPTER 1 1 





Dynamics 
of Rigid Bodies 


11-1. The calculation will be simplified if we use spherical coordinates: 


x=rsin 0 cos ó 
y =r sin Osin ¢ (1) 


z=r cos 0 


AZ 





x 


Using the definition of the moment of inertia, 


I, = ED Vixen ss do (2) 


we have 
Ls -p[(r -z do 
(3) 
= ele -r° cos? o) r°dr d(cos 0) dø 
or, 
R +1 2m 
La -p[r dr [(1- cos? 6 d (cos 6) f dg 
0 -1 0 
= ono ®. = (4) 
5 3 
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The mass of the sphere is 


4r 


M=— pR? 5 
3^ (5) 
Therefore, 
Ing == MR? (6) 
5 
Since the sphere is symmetrical around the origin, the diagonal elements of {I} are equal: 
2 

Thy = Ly = Íz = MR’ (7) 


A typical off-diagonal element is 


i. = p|(-xy) dv 
(8) 
= -p[r sin? Osin ¢ cos ø rdr d(cos 6) dø 


This vanishes because the integral with respect to ¢ is zero. In the same way, we can show that 
all terms except the diagonal terms vanish. Therefore, the secular equation is 


lj 0 0 
0 I-I o0 |=0 (9) 


From (9) and (7), we have 


(10) 








11-2. 
a) Moments of inertia with respect to the x; axes: 


AX, = X4 








xy 


It is easily seen that I; =0 for i 7 j. Then the diagonal elements I, become the principal 


moments I,, which we now calculate. 
The computation can be simplified by noting that because of the symmetry, I, = I; + 1, . Then, 


ses 


=I, 2 


= © [ni + x? + x2) do (1) 
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which, in cylindrical coordinates, can be written as 





2x h Rz/h 
L=L=2f, dg |. dz |. (r^ « 227) rdr (2) 
where 
M 3M 
z= = = 3 
PV aRh » 


Performing the integration and substituting for p, we find 


3 





= = 2 2 

1=1,=55M(R + 4h”) (4) 

I, is given by 
I =p f(x? +x3) des p [^ -rdr do dz (5) 

from which 
3 arp? 

I, =—~ MR 6 
s ^19 (6) 











b) Moments of inertia with respect to the x; axes: 


Because of the symmetry of the body, the center of mass lies on the x5 axis. The coordinates of 
the center of mass are (0,0,z,), where 





fx dv 3 
= = — 7 
Zo [ao 4 (7) 
Then, using Eq. (11.49), 
I; -I; - M|«'ó; -a;a; | (8) 


In the present case, à, =a, =0 and a, = (3/4) h , so that 





1=1,- 2m? = (ge Lye] 
16 20 4 
1 -1,-2 Mi? = S (m lar] 
16 20 4 
3 
L=- MR’ 








11-3. The equation of an ellipsoid is 


2 2 
SUELE] (1) 
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which can be written in normalized form if we make the following substitutions: 
X,=4a6, x,-bm, x, =c% (2) 
Then, Eq. (1) reduces to 
ey +o =i (3) 
This is the equation of a sphere in the (¢,7,¢) system. 


If we denote by dv the volume element in the x; system and by d7 the volume element in the 
(¢,7,¢) system, we notice that the volume of the ellipsoid is 


V = | dv= [ dx, dx, dx, = abc [d£ dn dc 
, (4) 
= abc [dt =— z abc 
3 
because [4 T is just the volume of a sphere of unit radius. 


The rotational inertia with respect to the x,-axis passing through the center of mass of the 
ellipsoid (we assume the ellipsoid to be homogeneous), is given by 


l= ales + i; dv 


= M 2 ¢2 2.2 
=, abe | (0° +b°n )dr (5) 
In order to evaluate this integral, consider the following equivalent integral in which z =r cos 0: 


fe z dv =a? A (r dr r sin 0d0dg) 
2 2m m- 2 " R=1 4 
=a J, dé |. cos” @sin odo | r* dr 


x mE E 
3 








5 
2 
C (6) 
Therefore, 
(PE «er )ac- Te en) (7) 
and 
L= M(g et) (8) 








Since the same analysis can be applied for any axis, the other moments of inertia are 
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(9) 
1 1 -4. 
The linear density of the rod is 
m 
Py = 4 (1) 
For the origin at one end of the rod, the moment of inertia is 
t 3 
© m 
I=[p, x2 dx=” LT p 2 
Je (3 3 Q) 
If all of the mass were concentrated at the point which is at a distance a from the origin, the 
moment of inertia would be 
I-ma (3) 
Equating (2) and (3), we find 
4 
a=— 4 
5 (4) 
This is the radius of gyration. 
1 1 -5. 
NER 





a) The solid ball receives an impulse J; that is, a force F(t) is applied during a short interval of 
time Tso that 


J - [r(r) ar (1) 
The equations of motion are 
dp 
——-F 2 
di (2) 
dL 


ET (3) 
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which, for this case, yield 
Ap - [F(r')dr =J (4) 
AL- [vx F(t) t 2x] (5) 


Since p(t = 0) = 0 and L(t = 0) = 0, after the application of the impulse, we have 





p-MWVga, =J; L=1, @=1xJ=(z-a)J— (6) 
so that 
Vow = (7) 
and 
J (0) 
œ =>(z-a)— (8) 
Iy o) 


where I, 2 (2/5) Mà . 
The velocity of any point a on the ball is given by Eq. (11.1): 
V, 7 Vo, tO Xr, (9) 


For the point of contact Q, this becomes 


Yo = Ves ~ 007 


= 2 (1-222) (10) 





Then, for rolling without slipping, v, 20, and we have 
2a - 5(z- a) (11) 


so that 








/ 12 
dc (12) 








b) Many billiard tricks are performed by striking the ball at different heights and at different 
angles in order to impart slipping and spinning motion ("English"). For the table not to 
introduce spurious effects, the rail must be at such a height that the ball will be "reflected" upon 
collision. 


Consider the case in which the ball is incident normally on the rail, as in the diagram. We have 
the following relationships: 
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Before Collision After Collision 
Linear Momentum Px =-MVom p;--MVa 
Angular Momentum | L, =0 Li =0 

L, =* L; = -Ly 

L, =0 L: =0 














* The relation between L and V.,, depends on whether or not slipping occurs. 
y CM P PP 8 


Then, we have 





Ap =-2p, =] =2MVoy, (13) 
AL=-2L, EPI, o -J(z-a) (14) 
so that 
21, 0-2 2MV, (z-a) (15) 
from which 


lov 2Mrřøo 2o 


Z—uüu- = = 
MV, 5MVa 5 Vou 





(16) 


If we assume that the ball rolls without slipping before it contacts the rail, then V, = oa, and 
we obtain the same result as before, namely, 


Z-a=—a (17) 
or, 
7 
z=—a 18 
5 (18) 
Thus, the height of the rail must be at a height of (2/ 5)a above the center of the ball. 


11-6. Let us compare the moments of inertia for the two spheres for axes through the centers 
of each. For the solid sphere, we have 


I,= : MR? (see Problem 11-1) (1) 
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For the hollow sphere, 


R sin 0 








2z m 
I, = c | dø Í (R sin 0) R? sin 0 d0 
0 0 


= 2zcR* [sin 0d0 


0 


z ghi 
3 
or, using 4zcR^ = M , we have 
i= 2 Mg? (2) 
3 
Let us now roll each ball down an inclined plane. [Refer to Example 7.9.] The kinetic energy is 
1 1; 
T= Mi? 1 3 
sMs (3) 
where y is the measure of the distance along the plane. The potential energy is 
U=Mg(l-y)sina (4) 


where / is the length of the plane and g is the angle of inclination of the plane. Now, y = R@, so 
that the Lagrangian can be expressed as 


1 1I ; 
L=5 My +5 yi V * Mgysina (5) 
where the constant term in U has been suppressed. The equation of motion for y is obtained in 
the usual way and we find 


. gMR’ sina 
~ MR «I 


Therefore, the sphere with the smaller moment of inertia (the solid sphere) will have the greater 
acceleration down the plane. 


(6) 
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11-7. 











The force between the force center and the disk is, from the figure 
F--kr (1) 
Only the component along x does any work, so that the effective force is F, =—kr sin 9 = —kx . 


This corresponds to a potential U = kx” /2 . The kinetic energy of the disk is 
Tai Me s P My (2) 
2 2 4 
where we use the result I = MR?/2 for a disk and dx = R d6. Lagrange’s equations give us 


2 Mi + kx=0 (3) 


This is simple harmonic motion about x = 0 with an angular frequency of oscillations 
| 2k 
= i= 4 


11-8. 





We let x; be the vertical axis in the fixed system. This would be the axis (i.e., the hinge line) of 
the door if it were properly hung (no self-rotation), as indicated in the diagram. The mass of the 
door is M=pwhd. 


The moment of inertia of the door around the x; axis is 


h w 
I, 2 —— [dh' |w? ddw' = Lipp (1) 
whds 4 3 


where the door is considered to be a thin plate, i.e., d « wh. 
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The initial position of the self-closing door can be expressed as a two-step transformation, 
starting with the position in the diagram above. The first rotation is around the x;-axis through 


an angle @ and the second rotation is around the x/-axis through an angle v: 


P, 
Xy gH Hq 








The x; -axes are the fixed-system axes and the x;-axes are the body system (or rotating) axes 
which are attached to the door. Here, the Euler angle is zero. 


The rotation matrix that transforms the fixed axes into the body axes (x; — x;) is just Eq. (11.99) 
with ¢= 0 and 0  - 0 since this rotation is performed clockwise rather than counterclockwise 
as in the derivation of Eq. (11.99): 
cosy cos@siny -sin sin y 
à =| -siny cosOcosy -sin cos wy (2) 
0 sin 0 cos 0 


The procedure is to find the torque acting on the door expressed in the fixed coordinate system 
and then to obtain the x, component, i.e., the component in the body system. Notice that when 


the door is released from rest at some initial angle y,, the rotation is in the direction to decrease 
y. According to Eq. (11.119), 


Lò, =N,=1, 0 (3) 
where o, = o, =0 since 92 0-0. 
In the body (x;) system the coordinates of the center of mass of the door are 


0 
w (4) 
h 


R= 


N|= 


where we have set the thickness equal to zero. In the fixed (xj) system, these coordinates are 
obtained by applying the inverse transformation 4™ to R; but A! = 4', so that 
i —w sin v 
R'-XR-7 w cos 0 cos y + h sin 0 (5) 
—w sin 0 cos y + h cos 0 


Now, the gravitational force acting on the door is downward, and in the x; coordinate system 
is 


F' = -Mg e, (6) 
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There the torque on the door, expressed in the fixed system, is 


N'-R'xF' 
MN e; e; 
as -wsiny wcos@cosy+hsin@ —w sin 0 cos y + h cos 0 
0 0 1 
i | w cos 0 cos y + h sin 6 
wag w sin y (7) 


0 





so that in the body system we have 


: w cos 0 cos? y +h sin 0 cos y +w cos 0 sin? y 
N’'=AN' = € Mg —h sin 0 sin y (8) 
w sin Osin v 


Thus, 
1 ; : 
-N, = 5 Mew sin O sin v (9) 
and substituting this expression into Eq. (3), we have 
-5 Mg sin Osin y =l, == Mw ý (10) 


where we have used Eq. (1) for I, . Solving for v, 
jue Sa ay (11) 
2w 


This equation can be integrated by first multiplying by v: 


fý yai i? -- E sino [sin y ý dt 
z28gn 0cos v (12) 
2w 


where the integration constant is zero since cos y =0 when y =0 . Thus, 


y-t [28 sin 8 cos y (13) 
w 


We must choose the negative sign for the radical since y <0 when cos y > 0. Integrating again, 


from y= 90? to y=0°, 





T 
S sino fat (14) 
cos Josy D 


En 
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where T = 2 sec. Rewriting Eq. (14), 





oN a 
Q 
a 
AIRS 
< 
Il 
-] 
a [og 
nr 
5 
D 


From Eqs. (E.20) and (E.23), 


And from Eqs. (E.20) and (E.24), 


Therefore, 


2.62 





j dy — Vm 3.624 
0 


Josy 2 1225. 


Returning to Eq. (15) and solving for sin 6, 
sin 0= DES x (2.62 
Inserting the values for g, w(= 1m), and T(= 2 sec), we find 


0 = sin ! (0.058) 


or, 


0 = 3.33? 
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(15) 


(16) 


(17) 


(18) 


(19) 


(20) 


(21) 
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11-9. 








The diagram shows the slab rotated through an angle 0 from its equilibrium position. At 
equilibrium the contact point is Q and after rotation the contact point is P. At equilibrium the 
position of the center of mass of the slab is C and after rotation the position is C’. 


Because we are considering only small departures from @= 0, we can write 


QP = RO (1) 
Therefore, the coordinates of C’ are (see enlarged diagram below) 
r=OA+AC’ (2) 
so that 
i= (r+) sin 0 — R8 cos 0 
(3) 
y-(n«4) cos 0+ ROsin 0 








Consequently, 


366 


from which 


The kinetic energy is 





-(r+4) sin 0+ RÓ cos 0+ R sin oj 


[R+4) cos Ó— R cos 0+ RO sin op 


5008 0+ ROsin o) 7 


-f sin 0+ RØ cos 0) 8 
(a? ed 
e4+y= L RPE eg 
uhr EN J 


T=i M+) 510 
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(4) 


(5) 


where I is the moment of inertia of the slab with respect to an axis passing through the center of 


mass and parallel to the z-axis: 


Therefore, 


where 


The potential energy is 


where 


I2 M(P +a?) 


pa! 
2 


AOG 
file) = mE we +I 


U - Mgy - - f. (6) 


f,()= mg |(R+Z] cos 0+ Rosind| 


and where Eq. (3) has been used for y. 


The Lagrangian is 


The Lagrange equation for @ is 


L- (0) + f,(0) 


(6) 


(7) 


(8) 


(9) 


(10) 


(11) 
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doL o 
dt 00 30 
Now, 
OL . 
— = 0 0 
d OL LE : 
a o5" A (0)0* (80 
( a? 2 A 5 229m 
= Ma eem 0+ 2MR* 00 
4 
OL 1 . 
2079118 ee) 


= MR 00? «Mg (R^) sin - RØ cos 0- Rsin 0| 
Combining, we find 
(a 2 \ 2 2 n2 ü * € 
MUS es 0+ MR? 00° - Mg Rt sin 0— R0 cos 0- R sin 0 |=0 


For the case of small oscillations, 9^ « 0 and € « 0, so that Eq. (15) reduces to 


vlei 


4 ————— 8-0 
Ma 
+I 


4 





The system is stable for oscillations around @= 0 only if 


M (r z 2 
M SHE 
Ma? 
4 


This condition is satisfied if R — 24/2» 0, i.e., 


209 »0 





+] 


Ree 
2 





Then, the frequency is 








Simplifying, we have 
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(12) 


(13) 


(14) 


(15) 


(16) 


(17) 


(18) 


(19) 
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(20) 





According to Eqs. (9) and (10), the potential energy is 
uio)- Ms (R2) cos 0+ ROsin ] (21) 


This function has the following forms for R » 4/2 and R « a/2: 






u(®) ( Re : ) U(9) 


Mg 
d LIX 


o — o — 


R> 
2 












To verify that a stable condition exists only for R > 4/2, we need to evaluate euf/ 06? at 0- 0: 








oF cm - sin 0+ RO cos J (22) 
00 2 
2 
Ag = Mg| -5 cos 6+ R cos 0— RÓsin J (23) 
08 2 
and 
2 
^u sae 8 en 
08 |,. 2 
so that 
2 
ELE eR (25) 
00 2 
11-10. 





When the mass m is at one pole, the z component of the angular momentum of the system is 
L, -lo- = MR'o (1) 


After the mass has moved a distance vt = RO along a great circle on the surface of the sphere, 
the z component of the angular momentum of the system is 
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i= ls MR? + mR? sin? J ó (2) 


where ¢ is the new angular velocity. Since there is no external force acting on the system, 
angular momentum must be conserved. Therefore, equating (1) and (2), we have 


2 MR’ o 


ó- ———————— (3) 
5 MR? + mR? sin? 0 


Substituting 0 - vt/R and integrating over the time interval during which the mass travels from 
one pole to the other, we have 


2: 2 MR3o 
b= | — —À9————— h (4) 
2 2 p 2 
0 g MR? + mR’ sin (vt/R) 


Making the substitutions, 


vt/R=u, dt= (R/v) du (5) 
we can rewrite (4) as 
z : MR'o R 
ó- Í 2 — du 
0 5 MR +mR? sin? u ? 
-22 


a2 
| pent u (6 


where 8 z5m/2M and where we have used the fact that the integrand is symmetric around 
u= 7/2 to write gas twice the value of the integral over half the range. Using the identity 
$us ees i 
sin u = 51 (1 — cos 2u) (7) 


we express (6) as 


n/2 
ge 2Ro f du (8) 


? o (1+2 4) - 1 cos 2u 





or, changing the variable to x = 2u, 


z dx 


= dd (1-15) - 1 feos 





(9) 


Now, we can use Eq. (E.15), Appendix E, to obtain 
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2Ro | (1+) tan(x/2) ]| 
p= tan 
v1 8 1-5 R 
_ aRø 2M 
v \2M+5m 
Li (10) 
2M - 5m 
where T = zR/v is the time required for the particle to move from one pole to the other. 
If m = 0, (10) becomes 
é(m -0) - oT (11) 
Therefore, the angle of retardation is 
a= ¢(m =0)-¢(m) (12) 
or, 
a — ol |1- M (13) 
2M +5m 
11-11. 
a) No sliding: 
URA 
S 
A ul 
UN — 
From energy conservation, we have 
£ L 1 1 
Me t e e (1) 


where v, is the velocity of the center of mass when one face strikes the plane; vc, is related 
to o by 


£ 
° ~ 


Tis the moment of inertia of the cube with respect to the axis which is perpendicular to one face 
and passes the center: 


[o (2) 


I- Z me? (3) 


Then, (1) becomes 
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mg -1 [tof d bmPlsg T. 2 
> (v2 1)=5m| = | n 6 o c ue (4) 
from which, we have 
2 98 


b) Sliding without friction: 


In this case there is no external force along the horizontal direction; therefore, the cube slides so 
that the center of mass falls directly downward along a vertical line. 





While the cube is falling, the distance between the center of mass and the plane is given by 








y- E cos 0 (6) 
Therefore, the velocity of center of mass when one face strikes the plane is 
£ ; ln 1 
j =-—=sind@| =-—£0=-~lo 7 
4 a 2 2 e 
0=7/4 0=7]4 
From conservation of energy, we have 
0  eLa(-Leo) eM(3me) o 
m =mg—+—m lo| *—|—mC|o 8 
ep Sraa 2\6 i 
from which we have 
, 128 
Q = 5 y (v2 — 1) (9) 


11-12. According to the definition of the principal moments of inertia, 
LL =| p(x? + x;) do | ox? xj] do 
- fox ext) dvu + aox do 
-I*2[pox do (1) 
since 
[ px; do»0 


we have 
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I, «1, 2T, (2) 








11-13. We get the elements of the inertia tensor from Eq. 11.13a: 
I= 22. [is + A 
= 3m(b?) + 4m(2b°) + 2m(b*) = 13mb? 
Likewise I, = 16mb^ and I4, = 15mb? 


l =1y = -È m, Xo %a,2 
a 


= —4m(b?) ms 2m(-b") = —2mb? 
Likewise I, = I4, = mb? 
and L4 = I4, =4mb? 


Thus the inertia tensor is 





TESI 
ü]-mb|-2 16 4 
1 4 15 





The principal moments of inertia are gotten by solving 
13-4 -2 1 
mb | -2 16-4 4 |=0 
1 4 15-2 
Expanding the determinant gives a cubic equation in A: 
A? - 444? + 6224 - 2820-0 


Solving numerically gives 


À, 210.00 
A, 214.35 
A, 219.65 


Thus the principal moments of inertia are I, 2 10 mb? 


I, 21435 mb? 





I, 219.65 mb? 





To find the principal axes, we substitute into (see example 11.3): 
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(13 - A) € — 205; + 94, =0 
-2 @;; + (16 — À;) Q5 494; =0 
Oy, t 405; * (15 4;) o4; 20 
Fori = 1, we have (A, = 10) 
304 —204 + 94, =0 
-20, 604, + 494, =0 
€, — 404, * 594, =0 
Solving the first for @,, and substituting into the second gives 
0, = 05 
Substituting into the third now gives 
(53, = 705 
Or 
O53: Oy? Oy =1:1:-1 


So, the principal axis associated with I, is 


aa (x+y-2) 





Proceeding in the same way gives the other two principal axes: 





1=2: -.81x+.29y —.52z 





—.14x + .77y + .63z 


We note that the principal axes are mutually orthogonal, as they must be. 


11-14. 


AZ 





x 


Let the surface of the hemisphere lie in the x-y plane as shown. The mass density is given by 





M M M 
V = p 2zb? 


First, we calculate the center of mass of the hemisphere. By symmetry 


p 
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Xo =¥cm =9 


ZcM = = [ox dv 


Using spherical coordinates (z = r cos 0, dv = r° sin 0 dr d0 dø) we have 


2z 1/2 b 
af : 3 
En = M Jaja 0 cos 0 d0 Í r° dr 


r=0 


eoe 


We now calculate the inertia tensor with respect to axes passing through the center of mass: 








By symmetry, Ij; =1,, = h 214 = I» = I4, 20. Thus the axes shown are the principal axes. 


Also, by symmetry I,, =1,,. We calculate I,, using Eq. 11.49: 


I =Iy-M [20] (1) 


where J, = the moment of inertia with respect to the original axes 
]i- pf ly + z?) dv 


=| (r sin? 8 sin? ø+ r? cos? 0) r° sin 0 dr dO dø 





3M b z[2| 27 
= fr dr Í j (sin? 0 sin? ø+ cos? o) ds sinodo 
2nb" o 8-0| $-0 





2 a2 
Hu | (sin? 0+ 27 cos? Osin 6) do 

107 Zo 

-2 Mp 
5 
Thus, from (1) 
[EE E 2 Mp! — 2 Mp! = 23. Mp? 

5 64 320 


Also, from Eq. 11.49 
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I5 = Jz -M(0)- ]5 
(I4, = J; should be obvious physically) 
So 


La =p| (x? + y^) do 


- p | r^ sin? 6 dr d0.dp= MV 





Thus, the principal axes are the primed axes shown 
in the figure. The principal moments of inertia are 











11-15. 





We suspend the pendulum from a point P which is a distance / from the center of mass. The 
rotational inertia with respect to an axis through P is 


I= MR? + Mf? (1) 


where R, is the radius of gyration about the center of mass. Then, the Lagrangian of the system 
is 


Ig 


L-T-U - ^-- Mgt (1-cos 6) (2) 
Lagrange's equation for 0 gives 
10+ Mg sin 0-0 (3) 
For small oscillation, sin 0 = 0. Then, 
. Mel 
"m -E- 0-0 (4) 
Or, 
l 
Üs-5* 920 (5) 
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from which the period of oscillation is 


2 2 
225. 57 Erud (6) 
o) gt 


If we locate another point P' which is a distance /' from the center of mass such that the period 
of oscillation is also z, we can write 
Riot Ro +e” 
st ge 





(7) 


from which R; = //' . Then, the period must be 








' 2 
T-2z db (8) 
gl 
or, 
T=20 aid (9) 
8 


This is the same as the period of a simple pendulum of the length /  /'. Using this method, one 


does not have to measure the rotational inertia of the pendulum used; nor is one faced with the 
problem of approximating a simple pendulum physically. On the other hand, it is necessary to 
locate the two points for which 7 is the same. 


11-16. The rotation matrix is 


cos@ sind 0 
(A)=|-sin@ cos 0 (1) 
0 0 


The moment of inertia tensor transforms according to 


(1) =(A)(1)(2") (2) 


That is 
l(a.g) l(a-B) o 
cos@ sind O0 : : cos@ -sin 0 
(I')=|-sin@ cos 0 3(4-B) 9 (4 * B) Ollsin@ cos@ o0 
0 0 1 0 0 C 0 0 1 
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or 


(I')= 








(A+B) cos 0+2(A-B)sin 0 1 (A+B) sin0+2(A—B) cos 6 0 
cos sind O0 : : s 
-sin cosé 0 (A-B) cos 0+ (A+B) sing ~5(A—B) sind + (A+B) cos 0 


0 0 1 


NJ NIP 


0 0 C 





5(A+B) cos? 0+(A-B)cos 0 sin 0+ A B) sin? 8 


-(A-B) sin? 6 (A-B) cos? 0 
0 


z(A-B) cos? 6--(A-B) sin’ 0 0 


z(^*B) sin? 09 - (A - B)sin 0 cos 6 (AB) cos 0 0 
0 C 


(A B) - (A - B) cos 0 sin 0 5 (A- B)cos 6- -(A-B)sin? 0 0 


(A - B) sin? 6 (A-B) cos? 0 z(A* B)- (A - B)cos 0snO 0 (3) 
0 0 C 


If 0— z/4, sin 0— cos 0-1/42. Then, 





(r)- (4) 


oop. 
owe 
C) G 











11-17. 
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The plate is assumed to have negligible thickness and the mass per unit area is p,. Then, the 
inertia tensor elements are 


lı =p, [(r - x?) dx, dx, 


= pf + às) dxdx, = p, [x dx, dx, =A (1) 
Il» =p, f(e - x3) dx, dx, = p, [x dx, dx, =B (2) 
l =p, [(r -xi) dx, dx, - p f(x + xj) dx dx, (3) 


Defining A and B as above, I}, becomes 


Ing = A+B (4) 


Also, 


(5) 
(6) 
(7) 
(8) 


(9) 








11-18. The new inertia tensor {I’} is obtained from {I} by a similarity transformation [see 
Eq. (11.63)]. Since we are concerned only with a rotation around the x,-axis, the transformation 
matrix is just À 4:88 defined in Eq. (11.91). Then, 


l'-A,IA; (1) 
where 
Ag = Ay (2) 
Therefore, the similarity transformation is 


cos@ sinO 0| A -C 0 cos@ -sin 0 
I’=|-sin@ cos 0| -C B 0 sin@ cos@ 0 
0 0 110 0 A+B 0 0 1 


Carrying out the operations and simplifying, we find 


DYNAMICS OF RIGID BODIES 


Acos? 0- Csin 20 Bsin?^ 0 -C cos 20+=(B-A) sin20 0 


Ira -C cos 20 (B. A) sin 20 Asin? 6+Csin20+Bcos*@ 0 





Making the identifications stipulated in the statement of the problem, we see that 
I-A, I, =B 
Ij;-15,--C' 

and 
I}, =A+B=A'+B' 


Therefore 








A'+B' 


In order that x, and x, be principal axes, we require C' = 0: 
C cos 20—(B — A) sin 208-0 
or, 
tan 20 = BLA 


from which 





0- 2 tan” LE | 
2 B-A 


Notice that this result is still valid if A = B. Why? (What does A = B mean?) 


11-19. 


x 
loeo 


9 
Q=n KO 0-0 
>X 


The boundary of the plate is given by r =ke% . Any point (7,0) has the components 
x,-7cos0 | 


X,-77sinO 





0 0 A+B 
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(4) 


(6) 


(8) 


(9) 


(1) 
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The moments of inertia are 


Leu -pm xi ndgdo 


= pj, sin’ 0 aof” n° dg 


The integral over 0 can be performed by using Eq. (E.18a), Appendix E, with the result 


4 
L zA p (2) 
2a 
where 
ett =i 
p2————— 3 
16(1+ 4o?) ©) 


In the same way, 


I,=B -em x? ndngd0 


m ke? 
= pf, cos? 646 |. if dn (4) 


Again, we use Eq. (E.18a) by writing cos? 0-1- sin? 0, and we find 
pk* 2 
I, =B=— P(1+8 5 
2 = B=5— P(1+8a") (5) 
Also 


mp ke”? 
lp =-C= -e |. f x,x, ndn dO 
(6) 
z ke”? 
= -e |. cos sin odo |. "m dn 


In order to evaluate the integral over @ in this case we write cos 0sin 0 = (1/ 2) sin 20 and use 
Eq. (E.18), Appendix E. We find 

Ij 2-C = pk*P (7) 
Using the results of problem 11-17, the entire inertia tensor is now known. 


According to the result of Problem 11-18, the angle through which the coordinates must be 
rotated in order to make {I} diagonal is 


= l tan” PES (8) 
2 B-A 
Using Eqs. (2), (5), and (7) for A, B, C, we find 
2C 1 


B-A 2a 0) 
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so that 


tan 20 = ES 


d 
P i 


20 


Therefore, we also have 


oo 
4140? 

2a 
V1+ 4a? 
Then, according to the relations specified in Problem 11-18, 


I! = A' = A cos? 0-C sin 20+ Bsin? 0 


sin 20 — 


cos 20— 


Using cos? 6 - (1/2)(1-- cos 26) and sin? 6- (1/2)(1— cos 26), we have 














PSA = 5(A+B)+5(A~B) cos 20- C sin 20 
Now, 
4 
Ax Be PCT (144a?) 
a 
A- B « -Aapk*P 
Thus, 
pk*P 5 4 2a 4 1 
L =A' = (1+4?) -2apk*P x — S — - oP x ——— 
i 2a | | V14+ 4o? JH 4o? 
Or, 
|I; = A" = pk*P(Q-R) 
where 
1+ 4a? 
Q= 2a 
R=NV1+ 40? 
Similarly, 


I; =B' = pk*P(Q+R) 





and, of course, 
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(10) 


(11) 


(12) 


(13) 


(14) 


(15) 


(16) 


(17) 


(18) 
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Il-2A'«-B'slIpeL 


We can also easily verify, for example, that Ij, - -C' - 0. 
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(19) 


11-20. We use conservation of energy. When standing upright, the kinetic energy is zero. 


Thus, the total energy is the potential energy 


E=U,=mg> 


E is the height of the center of mass above the floor.) 


When the rod hits the floor, the potential energy is zero. Thus 
EZT; = 2 Io’ 
2 


where is the rotational inertia of a uniform rod about an end. For a rod of length b, 
mass/ length o: 


f 1 1 
lr [ox dx = = ob? = — mb? 
^ 3 3 
Thus 
Te 1 np? o? 
6 
By conservation of energy 
U =T, 
b 252.2 
mg —=—mb 
$5 e 
3 
o=,|2£ 
b 





11-21. Using I to denote the matrix whose elements are those of {I}, we can write 
L-Io 
L'-Io' 
We also have x' 2 À x and x' 2A' x’ and therefore we can express L and o as 
L=\'L' 
Q -A'o' 


substituting these expressions into Eq. (11.54), we have 


(11.54) 
(11.542) 


(11.552) 


(11.55b) 
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A'L' 2 IA!o' 
and multiplying on the left by À, 
AA'L' 2ADA'o' 
or 
L'=(A12')o' 


by virture of Eq. (11.54a), we identify 


I -AD/ (11.61) 





11-22. According to Eq. (11.61), 


I; = $4. I, Ay (1) 
k,l 
Then, 
trj = b = SAK Ly Ag 
i i ok 
= DD Ai 
ke i 
= » d Ong = Sle (2) 
ke k 
so that 
tr (V) = tr {I} (3) 


This relation can be verified for the examples in the text by straightforward calculations. 


Note: A translational transformation is not a similarity transformation and, in general, tr {I} is not 
invariant under translation. (For example, tr {I} will be different for inertia tensors expressed in 
coordinate system with different origins.) 


11-23. Wehave 
l-AD! (1) 
Then, 
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|=|] 


= Al xixa] 





=|AÀ "| x |I| 
so that, 


(2) 


This result is easy to verify for the various examples involving the cube. 


11-24. 





The area of the triangle is A= a / 4, so that the density is 


M 4M 
P A Be 


a) The rotational inertia with respect to an axis through the point of suspension (the origin) is 


(1) 





I spile + x3)dx, dx, 


a/2 0 


=2p Í dx, Í ia + 35) dx, 
0 


-B (a-2x) 
1 
- E pa’ = 6 Ma’ (2) 


When the triangle is suspended as shown and when 0- 0, the coordinates of the center of mass 
are (0,x,,0) , where 
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The kinetic energy is 


and the potential energy is 


u 1- cos 0) 


_ Mga ( 
243 
Therefore, 
poco NL 
19 243 


where the constant term has been suppressed. The Lagrange equation for ĝis 
3 Č sing 0 
a 


and for oscillations with small amplitude, the frequency is 


o= v3 


a 





b) The rotational inertia for an axis through the point of suspension for this case is 





0 -x3 / 43 
I =2p [ dx, [ (xi + x2) dx, 
E 0 
2 
= igs 


The Lagrangian is now 
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(3) 


(4) 


(5) 


(8) 


(9) 


(10) 
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and the equation of motion is 


zo 2 g. 
0+ —— *- sin0-0 11 
548 a (11) 
so that the frequency of small oscillations is 
12 g 
5/3 F ( ) 


which is slightly smaller than the previous result. 


11-25. 











2 [ x, dx, dx, + Í x, dx; dx, 


lower 
semicircle semicircle 


= FATE sin 0) -rdrdO+2 EE sin 0) f rdrdo 


2 pR? 
E o 


Now, the mass of the disk is 


=> przR? (2) 
so that 
4 
X, =-—R (3) 


The direct calculation of the rotational inertia with respect to an axis through the center of mass 
is tedious, so we first compute I with respect to the x,-axis and then use Steiner's theorem. 


DYNAMICS OF RIGID BODIES 387 


I, = PINNAS -rdr d 4 2 (PR -rdr do | 








3 1 
=` zoR* =— MR? 4 
1S =; (4) 
Then, 
I, =1, -Mx2 
=~ MR-M. E R? 
2 81x 
1 32 
=— MR*/1- 5 
2 | =| ©) 


When the disk rolls without slipping, the velocity of the center of mass can be obtained as 
follows: 














Thus 
Xem = RO-|X,| sin 8 
You = R-|X,| cos 8 
ic, = RÓ- [x,| 8 cos 6 
You 7 |X| sin 0 
(tèu + jeu) 2 V! = RP +x; & -26 R|x,|cos 0 
y? = ag (6) 
where 
a- JR? +X? -2R [x,|cos 0 (7) 
Using (3), a can be written as 
aR Jir- E cose (8) 
81x 9r 


The kinetic energy is 
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T =, Toons + Tot 
1 dads 
-— Mv .—-I 9 
2 E 2.0 (9) 
Substituting and simplifying yields 
T= i Re $ EO as J (10) 
2 2 9r 
The potential energy is 
u- Mg] R3 cos J 
=> MgR -cos o (11) 
Thus the Lagrangian is 
L=İ MR| RÖ [3-Fcos0|-g]1-F cos] (12) 
2 2 9r 97 











11-26. Since œ, = ġ lies along the fixed x}-axis , the components of @ , along the body axes 


(x;) are given by the application of the transformation matrix X [Eqs. (11.98) and (11.99)]: 


(o,), DA 0 
(o,), |-| & |=%| 0 (1) 
(o), Lal 19 
Carrying out the matrix multiplication, we find 
(2), sin y sin 0 
(o,), =| cos y sin 0 (2) 
(o ) cos 0 
$3 


which is just Eq. (11.101a). 


The direction of o, = coincides with the line of nodes and lies along the x/" axis. The 
components of o, along the body axes are therefore obtained by the application of the 


m 
i 


transformation matrix A, which carries the x;" system into the x; system: 


0 
(os), =h,,| 0 =ġ| -sin y (3) 
0 
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which is just Eq. (11.101b). 


Finally, since œ, lies along the body x,-axis, no transformation is required: 


which is just Eq. (11.101c). 


Combining these results, we obtain 


(os), : (o5), " (o. ), 


ósin y sin 0+ Ócos y 


- ó| ócos v sin 0— Ósin y (5) 


bcos b+ y 


which is just Eq. (11.02). 





11-27. 
Initially: 

I,-0z1lo, 

L, = Lsin 0= Lo, = lø sin æ 

L, = L xos 0 = I0, = 140 cos a 
Thus 

mse eng (1) 
L, I 


From Eq. (11.102) 
0, = pcos 0 4- y 


Since @, = ø cos a, we have 
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pcos 0 = o cos a — y (2) 
From Eq. (11.131) 
L-I 
=-Q= 3 1 
v I, 3 
(2) becomes 
ee = Gow (3) 


1 


From (1), we may construct the following triangle 


I, tan a 





from which cos 0= l; T 


[+I tan? a] 


Substituting into (3) gives 


; 00 
$- — JI? sin? a+ I} cos? a 
I 1 3 


1 


11-28. From Fig. 11-7c we see that o, = $ is along the x}-axis, o, =È is along the line of 


nodes, and o, =y is along the x;-axis. Then, 
0 = ge’, (1) 
whee ej is the unit vector in the x; direction. 
Projecting the lines of nodes into the xi- and x;-axes, we obtain 
@) = Oe; COS ¢+e; sin 9) (2) 


o», has components along all three of the x; axes. First, we write o, in terms of a component 


along the x5-axis and a component normal to this axis: 
o, = wel, sin 0 + e; cos 0) (3) 
where 
e; =e; sin ó— e, cos ó (4) 
Then, 


o, = wet sin Osin ø- e; sin 0 cos $+ e} cos 0) (5) 
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Collecting the various components, we have 





= bcos + y sin Osin ¢ 
— Üsin — v sin 0 cos ó (6) 


- y cos 04- ó 





11-29. When the motion is vertical 0 0. Then, according to Eqs. (11.153) and (11.154), 
=1,(6+ v) - P, (1) 
and using Eq. (11.159), we see that 
P, =P, =I, © (2) 


Also, when 0- 0 (and ġ=0), the energy is [see Eq. (11.158)] 
B=, wo? + Mgh (3) 
Furthermore, referring to Eq. (11.160), 
E'-E-71, ol = Mgh (3) 


If we wish to examine the behavior of the system near 0= 0 in order to determine the conditions 
for stability, we can use the values of Py Byz and E' for 0 — 0 in Eq. (11.161). Thus, 


I; œ; (1- cos o 


Mgh - 1 i "P 
dgio 21,, sin? 8 





+ Mgh cos 0 (5) 


Changing the variable to z = cos @and rearranging, Eq. (5) becomes 


P= D [2Mgh I, (1 z) -I wi ] (6) 


12 
The questions concerning stability can be answered by examining this expression. First, we note 
that for physically real motion we must have Z^ > 0. Now, suppose that the top is spinning very 
rapidly, i.e., that @, is large. Then, the term in the square brackets will be negative. In such a 


case, the only way to maintain the condition z^ >0 is to have z = 1, i.e., 0= 0. Thus, the motion 
at 0— 0 will be stable as long as 


4Mgh I, - 2 œ <0 (7) 


or, 





4Mgh L,, 


«1 8 
I2 o; (8) 
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Suppose now that the top is set spinning with 0= 0 but with œ, sufficiently small that the 
condition in Eq. (8) is not met. Any small disturbance away from 0 - 0 will then give z a 
negative value and 0 will continue to increase; i.e., the motion is unstable. In fact, 0 will 
continue until z reaches a value z, that again makes the square brackets equal to zero. This is a 


turning point for the motion and nutation between z = 1 and z= z, will result. 


From this discussion it is evident that there exists a critical value for the angular velocity, @,, 
such that for @, > œ, the motion is stable and for o « o, there is nutation: 


2,{Mgh I 
oO _ 2yMgh Ty (9) 


B L 
If the top is set spinning with @, > @, and @= 0, the motion will be stable. But as friction slows 


the top, the critical angular velocity will eventually be reached and nutation will set in. This is 
the case of the "sleeping top." 


11-30. If we set 0-0, Eq. (1.162) becomes 


(P, — P, cos a) 
E'=V(0)= m (1- cos ó + Mgh cos 0 (1) 
12 





Re-arranging, this equation can be written as 
(2Mgh I,,) cos? 8— (2E' L, P2) cos? 6+ 2(P,P, - Mgh L») cos 0+ (2E' L, - P;) - 0 (2) 
which is cubic in cos @. 


V(@) has the form shown in the diagram. Two of the roots occur in the region -1x cos@<1, and 
one root lies outside this range and is therefore imaginary. 


4V(0) 


+1 
-1 cos 0 —— 
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11-31. The moments of inertia of the plate are 


I, =1, cos 2a 


I, 

I, =I, +1, 
=i (1+ cos 2a) 
= 2I, cos? à 


We also note that 
I; - I; =-I, (1- cos 2a) 
=-2I, sin? a 
Since the plate moves in a force-free manner, the Euler equations are [see Eq. (11.114)] 
(I, -1,) v,0, - 1,0, =0 
(I, -1,) 99, -l =0 
(I, - 1) o4, - 1,0, =0 
Substituting (1) and (2) into (3), we find 
(-21, sin? a) 0,0, — (21, cos? a) à,-0 
(-1, cos 2a) 00,0, — (1, cos 2a) © =0 
I, @,0,—1,@, =0 
These equations simplify to 
à, = —0,0, tan? a 
QO, = —0505 
O, = 030 
From which we can write 
0,040, = 0,00, =—O,0, = —940, cot) a 
Integrating, we find 
o — 0; (0)= -0 + e (0) 2 —e$ cot? a + @;(0) cot? a 


Now, the initial conditions are 
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(2) 


(3) 


(4) 


(5) 


(6) 


(7) 
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o, (0) 2 Q cos æ 
o»(0) - 0 
0, (0)- OQ sina 
Therefore, the equations in (7) become 
o =-@; + €? cos? a 2 -o cot? a 4 €? cos?" 
From (5), we can write 
à = 05 oi 
and from (9), we have œ? = @; cot” a. Therefore, (10) becomes 
à, = 0, cota 
and using w; =? sin? a — o5 tan? æ from (9), we can write (11) as 
e 
o» tan? a To sin? a oe 


Since o, = do, [dt , we can express this equation in terms of integrals as 


do, 
—————————— - -cot a | dt 
p tan? a - C? sin? a J 


Using Eq. (E.4c), Appendix E, we find 


: - tanh! gr =-tcota 
(tan a)(Q sin a) Q sin a 





Solving for @,, 


o» (t) - Q cos a tanh (Q t sin a) 





11-32. 
a) The exact equation of motion of the physical pendulum is 
16+ MgLsin 0-0 


where I = MK? , so we have 


-2> sin 0 


or 





dip gL d(cos 0) 
ge do 


or 
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(8) 


(9) 


(10) 


(11) 


(12) 


(13) 


(14) 


(15) 


DYNAMICS OF RIGID BODIES 395 


dalo) = SL a(cos 0) 


k? 


SO 





. 2gL 
? = d 


where a is a constant determined by the initial conditions. Suppose that at ! - 0, 0— 0, and at 


cos 0+a 


l 
that initial position the angular velocity of the pendulum is zero, we find a= cos @ . So 


finally 





2 


b= [28 cos 0 — cos 0;) 


b) One could use the conservation of energy to find the angular velocity of the pendulum at 
any angle @, but it is exactly the result we obtained in a), so at 0 2 1^, we have 





. 2eL 
0-20- & (cos 0- cos 6) - 537 s" 


11-33. Cats are known to have a very flexible body that they can manage to twist around to a 
feet-first descent while falling with conserved zero angular momentum. First they thrust their 
back legs straight out behind their body and at the same time they tuck their front legs in. 
Extending their back legs helps to resist spinning, since rotation velocity evidently is inversely 
proportional to inertia momentum. This allows the cat to twist their body differently to preserve 
zero angular momentum: the front part of the body twisting more than the back. Tucking the 
front legs encourages spinning to a downward direction preparing for touchdown and as this 
happens, cats can easily twist the rear half of their body around to catch up with the front. 


However, whether or not cats land on their feet depends on several factors, notably the distance 
they fall, because the twist maneuver takes a certain time, apparently around 0.3 sec. Thus the 
minimum height required for cats falling is about 0.5m. 


11-34. The Euler equation, which describes the rotation of an object about its symmetry axis, 
say Ox, is 


L @,—(I,-1,)o,o, =N 


x 


where N, =—b o, is the component of torque along Ox. Because the object is symmetric about 
Ox, we have I y^ I, , and the above equation becomes 
b 
do ap? 


x m 
L di =-bø@, > @, =e * o 
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CHAPTER 1 2 





Coupled Oscillations 


12-1. 









m,=M 


k, B E: k, 
n *2 


m,=M 


The equations of motion are 


Mx, +(x, + Ky) X, -K X, =0 
(1) 


Mx, + (x, +K) X2 —K,, X =0 
We attempt a solution of the form 
x, (t) =B, e^ 
! Q) 
x, (t) =B, e” 
Substitution of (2) into (1) yields 


z +K = Ma’) B, -xp B, =0 
(3) 


=K B, +(x, +K - Ma’) B, =0 


In order for a non-trivial solution to exist, the determinant of coefficients of B, and B, must 
vanish. This yields 


[ + Lis E Ma”) || x, + Ca = Ma”) | EX (4) 


from which we obtain 





o a Rit S t 2k " 1 
2M 2M 





(x K) + dc (5b) 





This result reduces to o» = (ic +K Ł Ks j. M for the case x, =x, =x (compare Eq. (12.7)]. 
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If m, were held fixed, the frequency of oscillation of m, would be 
Oo, = EE (x +K ) (6) 
01 M 1 12 
while in the reverse case, m, would oscillate with the frequency 
on = Es (x +K ) (7) 
02 M 2 12 


Comparing (6) and (7) with the two frequencies, œ, and o , given by (5), we find 





o = FE qup Jes sm +4K*, l 





* 2M 
soa oS x) |o going Jedi (8) 
2M M 
so that 
O, > Oy (9) 
Similarly, 
o = ari +K, + 2K, — (x, -k,) tA4k?, l 
< ES LE +K, + 2k, - (K-K, )] C: (K, t) = x; (10) 
2M M 
so that 
OQ < Mp (11) 


If «, >«,, then the ordering of the frequencies is 


O, > Wy, > Oy > O (12) 
12-2. From the preceding problem we find that for K « x,, x; 


Kk, Kj, . Ky + Ki 


; 0,8 
M 


K [i 
v Oy, = mi (2) 


then the frequencies in (1) can be expressed as 








(1) 


Q, = 


3 


If we use 


Oo 
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(3) 
Kip 
Oy = Dy [1 — = @y (1+ &) 
Ky 
where 
Kiz Ki 
Ko, , f2 (4) 
2K, ie 2%, 
For the initial conditions [Eq. 12.22)], 
x, (0)=D, x,(0)=0, 3, (0) =0, 3, (0) -0, 6) 
the solution for x(t) is just Eq. (12.24): 
Xi (n) - Deos | 4.7 toos | i5: | (6) 
2 2 
Using (3), we can write 
0, + 9, — (ey + Oy) + (£01 + On) a 
S20 +22, 
0 — 0, = (on T Qn) Hs (£y z £)9y) 
(8) 
z2€0 -26 
Then, 
x, (f) 2 D cos (Q,t  £,t) cos (Q t4 t) (9) 
Similarly, 
x,(t)=D sin [A Te sin [2 — | 
2 2 
=Dsin(Q,t+ &,t)sin(Q t £t) (10) 
Expanding the cosine and sine functions in (9) and (10) and taking account of the fact that £, 
and & are small quantities, we find, to first order in the és, 
x, (t) = D[ cos Q,t cos Q t — z,t sin Ot cos Q_t- € f cosQ,t sinQ ft] (11) 
x,(t)  D[sin Q tsin Q t+ ¢,tcosQ,tsinQ t+ tsinQ,t cosQ t] (12) 


When either x(t) or x,(f) reaches a maximum, the other is at a minimum which is greater 
than zero. Thus, the energy is never transferred completely to one of the oscillators. 
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12-3. The equations of motion are 


H+ ta + mh x, =0 
(1) 
Hy + a t+ OH x, =0 
We try solutions of the form 
x (t) 2 By e"; x,(t)=B, e? (2) 


We require a non-trivial solution (i.e., the determinant of the coefficients of B, and B, equal to 
zero), and obtain 








2: 
2 22 4,| m 
=0 3 
(ox o) o H (3) 
so that 
o -a to 4 
i a (4) 
and then 
2 
a? =“ (5) 
m 
1+ — 


Therefore, the frequencies of the normal modes are 





2 
O, 
@ = A 
+M 
(6) 
QM, = 











where o, corresponds to the symmetric mode and o, to the antisymmetric mode. 


By inspection, one can see that the normal coordinates for this problem are the same as those for 
the example of Section 12.2 [i.e., Eq. (12.11)]. 


12-4. The total energy of the system is given by 
E=T+u 
1) 
e 1 ( 
-5M(& +i) ed ex) en (mm) 


Therefore, 
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dE P ME: ; : ENS 
= M (X, X,  ,X,) + x (24%)  x,X5) + y (X; — 3.) (S 7 x1) 


- | Më, + [iex - Ky (x; - x] ]à * | Më, * | «x, + Ky (x2 - x1) ]] Xz 
- [M3 + (& + 15), 5x; |X, +| ME, -xx (e, ) x, | Q) 


which exactly vanishes because the coefficients of X, and x, are the left-hand sides of Eqs. 
(12.1a) and (12.1b). 


An analogous result is obtained when T and U are expressed in terms of the generalized 
coordinates 7, and 7, defined by Eq. (12.11): 


1 ; i 
T--M(m + ih) (3) 
1 1 
U=28(m +b) +5 eth (4) 
Therefore, 
dE x . Y ; 
2: = [Mi (c2) m Jin [Ms +47, | in (5) 


which exactly vanishes by virtue of Eqs. (12.14). 


When expressed explicitly in terms of the generalized coordinates, it is evident that there is only 
one term in the energy that has x, as a coefficient (namely, x7; ), and through Eq. (12.15) we 
see that this implies that such a term depends on the C, 's and œ, but not on the C,’s and @,. 


To understand why this is so, it is sufficient to recall that 7, is associated with the 
anitsymmetrical mode of oscillation, which obviously must have x,, as a parameter. On the 
other hand, 77, is associated to the symmetric mode, x, (t) 2 x, (t) , x, (f) =x, (t), in which both 
masses move as if linked together with a rigid, massless rod. For this mode, therefore, if the 
spring connecting the masses is changed, the motion is not affected. 


12-5. We set x, =x, =k, =K . Then, the equations of motion are 
fX, t 2kx,—Kx,-0 
: (1) 
fl, X, -2kX, Kx, =0 
Assuming solutions of the form 
x, (t) = Be” 
. (2) 
x, (t) = Bye 


we find that the equations in (1) become 
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(2x z m,o* B, —KB, =0 
(3) 
—KB, + (2x B m; JB, =0 
which lead to the secular equation for @”: 


(2x = ma” )(2x = mæ’) =x? (4) 


oF) m (5) 
u m, +m, 


where u= mm, /(m, + m,) is the reduced mass of the system. Notice that (5) agrees with Eq. 


Therefore, 


(12.8) for the case m, =m, =M and x,, =x . Notice also that c is always real and positive since 


the maximum value of 3u/ (m, +m,) is 3/4. (Show this.) 


Inserting the values for @, and o, into either of the equations in (3), we find' 


-fis n- Su | (6) 
u m, +m, 


E m f KER |^ (7) 
u m +m, 


Using the orthonormality condition produces 





and 








(8) 





n E (9) 


where 


m 2 3m,m 
Deale a cm =e) cvm (10) 


The second eigenvector has the components 


m, +m 3m,m 
2 1 h 1 ( 1 = 


lp = (11) 











“Recall that when we use ø = @,, we call the coefficients £, (v = @,) =a, and f, (v — v», ) - a, , etc. 
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1 
eu (12) 
D, 
where 
2 2 2 
D, 22m, h + Me m, h = P + 2m, i m | ]- NER. (13) 
M n My (m, + My) 
The normal coordinates for the case in which q,(0)=0 are 
h (t) = (maX + fidi) cos et 
(14) 
m (t) = (mian + m,a, Xn) COS e»t 
12-6. 
m 
k 
m 
= N 
If the frictional force acting on mass 1 due to mass 2 is 
f =-B(%, - x2) (1) 
then the equations of motion are 
m, + B(x, — x,) - xx, 20 
(2) 
mx, + B(x, -—%,)+«x, =0 
Since the system is not conservative, the eigenfrequencies will not be entirely real as in the 
previous cases. Therefore, we attempt a solution of the form 
vitehe". x, (t)=B,e” (3) 


where a - A4« io is a complex quantity to be determined. Substituting (3) into (1), we obtain the 
following secular equation by setting the determinant of the coefficients of the B's equal to zero: 


(ma? + Bat kJ = fa (4) 


from which we find the two solutions 


hie [x 
A,=41J—; @,=+4,/— 
m m 


Ay = — (cos ae = mn} 


(5) 


The general solution is therefore 
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i i Jim —ft/m Jg mk tjm - Jff-mkt/m 
x, (t) 2 Bj, e"! + pz enmt oA [Bi g mmu Be eve mel (6) 








and similarly for x, (t). 


The first two terms in the expression for x(t) are purely oscillatory, whereas the last two terms 


contain the damping factor e ^ . (Notice that the term Bj, exp( y f^ -me t) increases with time if 


f? » mx , but Bi, is not required to vanish in order to produce physically realizable motion 
because the damping term, exp(—/t), decreases with time at a more rapid rate; that is 


-B+ Af -me <0.) 


To what modes do o, and @, apply? In Mode 1 there is purely oscillating motion without 


friction. This can happen only if the two masses have no relative motion. Thus, Mode 1 is the 
symmetric mode in which the masses move in phase. Mode 2 is the antisymmetric mode in which 


the masses move out of phase and produce frictional damping. If 8° < mx , the motion is one of 


damped oscillations, whereas if P » mk , the motion proceeds monotonically to zero amplitude. 


1 2-7. 


b 
me 
$ 
me E 


We define the coordinates x, and x, as in the diagram. Including the constant downward 


—n 





gravitational force on the masses results only in a displacement of the equilibrium positions and 
does not affect the eigenfrequencies or the normal modes. Therefore, we write the equations of 
motion without the gravitational terms: 


mx, + 2Kx, —KX, =0 
" (1) 
MX, +KX. -KX =0 
Assuming a harmonic time dependence for x,(t) and x,(t) in the usual way, we obtain 
(2x — mo? B, - xB, =0 
Q) 


—KB, + («- mor JB, =0 


Solving the secular equation, we find the eigenfrequencies to be 
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> 3+/5 K 
oi = — 
2 m 

(3) 
2 3-45 K 
QO, = ———— — 
2 m 











Substituting these frequencies into (2), we obtain for the eigenvector components 


1-45 








2 Ay, = Ay, 
(4) 
145 
2 lp = Any 


For the initial conditions x, (0) = x, (0) 20, the normal coordinates are 








(. 1- 
m (t) e may, | “0 u *20 J cos at 


(5) 
n, (t) = ma; e + NS 3 cos ot 











Therefore, when x, 7 1.6180 x), m (f) 20 and the system oscillates in Mode 1, the 
antisymmetrical mode. When x, = 0.6180 xy, 7, (f) 20 and the system oscillates in Mode 2, the 
symmetrical mode. 


When mass 2 is held fixed, the equation of motion of mass 1 is 


mx, + 2xx, =0 (6) 


OO = a (7) 
m 


When mass 1 is held fixed, the equation of motion of mass 2 is 


and the frequency of oscillation is 


mi, +«x, =0 (8) 
and the frequency of oscillation is 
K 
O5 = A (9) 
m 


Comparing these frequencies with @, and @, we find 


PEN EC E dq VEE oae 
4 m m 

Qus can |£ — 0.6180 | —- <a, 
4 m m 
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Thus, the coupling of the oscillators produces a shift of the frequencies away from the 
uncoupled frequencies, in agreement with the discussion at the end of Section 12.2. 


12-8. The kinetic and potential energies for the double pendulum are given in Problem 7-7. If 
we specialize these results to the case of small oscillations, we have 


T--mP(29 +g +24, 4.) (1) 
u- i mgt (29; + g) Q) 


where ¢, refers to the angular displacement of the upper pendulum and 4, to the lower 
pendulum, as in Problem 7-7. (We have also discarded the constant term in the expression for 
the potential energy.) 


Now, according to Eqs. (12.34), 


1 zb 
T-7 2 "dd (3) 
jk 
1 
u= 2 DAF (4) 
j,k 
Therefore, identifying the elements of {m} and {A}, we find 
Pale 
-mí j 3 (5) 
2 0 
zd (6) 


and the secular determinant is 


-0 (7) 
4 
or, 
(28-20)| £-07|-ot=0 (8) 
£ 4 
Expanding, we find 
2 
o 42. o ZH A (9) 
£ £ 


which yields 
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o =(2V2)§ (10) 


and the eigenfrequencies are 





0,7424 42 [E ien E 
@, =\2-V2 KE -ozes [E 


To get the normal modes, we must solve 


DA - oq? My) My, =0 
J 


(11) 











For k = 1, this becomes: 
(Ai -o; m, a, + (As -o; T 45, -0 


Forrz1: 
[ng - (24 2) amr |, - (24 2) = me m=O 


Upon simplifying, the result is 
Ay =—VN2 0g 
Similarly, for r = 2, the result is 
ing 542.45 
The equations 
X =A; 9 445 15 
X, — 43 h o, h 


can thus be written as 


1 
Xi = ay ht Ty fee Ny 
X, =—V2 Ay M+ 5; M 


Solving for 7, and 7,: 


42x, -x,. 42 x, x, 


n, = N2 a, , Ih= Day, 


408 CHAPTER 12 





; x 
7, occurs when 7, =0; i.e. when x, = -++ 


J2 


: x 
7, occurs when 7, =0; i.e. when x, = —— 


2 





Mode 2 is therefore the symmetrical mode in which both pendula are always deflected in the 
same direction; and Mode 1 is the antisymmetrical mode in which the pendula are always 
deflected in opposite directions. Notice that Mode 1 (the antisymmetrical mode), has the higher 
frequency, in agreement with the discussion in Section 12.2. 


12-9. The general solutions for x, (t) and x, (f) are given by Eqs. (12.10). For the initial 
conditions we choose oscillator 1 to be displaced a distance D from its equilibrium position, 
while oscillator 2 is held at x, 2 0, and both are released from rest: 


x (0) - D, x, (0) -0, 3, (0) - 0, 3; (0) =0 (1) 
Substitution of (1) into Eq. (12.10) determines the constants, and we obtain 
x(t)= 2 (cos œt + cos ct) (2) 
D 
x (t)= A (cos ct — cos æt) (3) 


where 


K+2k K 
eu p PO (4) 


As an example, take œ; =1.2 @,; x(t) vs. x, (t) is plotted below for this case. 


It is possible to find a rotation in configuration space such that the projection of the system 
point onto each of the new axes is simple harmonic. 


By inspection, from (2) and (3), the new coordinates must be 
xi =x; — xX, =D cos o (5) 
x, = X% +X, = D cos @,t (6) 


These new normal axes correspond to the description by the normal modes. They are 
represented by dashed lines in the graph of the figure. 


COUPLED OSCILLATIONS 


4x,(t)/D Xy A 





git =0 
-x()/D 














12-10. The equations of motion are 
m, + bit, +(x € k45)x, -Kn x, = F cos ot 
MX t bx, (k  &k,5) x; —K X, =0 
The normal coordinates are the same as those for the undamped case [see Eqs. (12.11)]: 
Wate YW =e FX, 
Expressed in terms of these coordinates, the equations of motion become 
m( i, +i )+ b( 78) 9 (k y) + m) um — m) = 25, cos ot 
m(i, — th) + bi — imn) (eo) — m) Kn m +m) =0 


By adding and subtracting these equations, we obtain the uncoupled equations: 





. b. x-t2K, E 

M * — M + ——= m = — cos ot 
m m m 
b . 0 

Ny * — n, + — N, =— cos ot 
m 


With the following definitions, 


409 


(1) 


(2) 


(3) 


(4) 


410 CHAPTER 12 


ee 
m 
j 
pets Kiz 
m 
(5) 
oe = 
m 
Ac 
m 


the equations become 





7, + 2f, + on, = A cos ot 
(6) 








i) + 287, + 027, = A cos ot 





Referring to Section 3.6, we see that the solutions for n, (f) and 7, (t) are exactly the same as 
that given for x(t) in Eq. (3.62). As a result 7 (t) exhibits a resonance at œ= œ, and m (t) 
exhibits a resonance at @=@,. 


12-11. Taking a time derivative of the equations gives (à -I ) 
"A Ma as 
LI, +—+ MI, =0 
C 
PDT 
LI, +++ MI, «0 
C 
Assume I, = Be", I, = Be" ; and substitute into the previous equations. The result is 
—o LB e” + lg" - Mo? B,e'" 20 
C 
—o LB,e'^ + Ipe - Mo? Be 20 
C 
These reduce to 


0 


B, c- e - Bj(-Mo?) 


0 


B,(-Mo') +B, c- o 


This implies that the determinant of coefficients of B, and B, must vanish (for a non-trivial 
solution). Thus 
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Or 


Thus 











12-12. From problem 12-11: 
1 


Ll, +51, * MI, =0 


Solving for I, in (1) and substituting into (2) and similarly for I, , we have 





Fo M^; 1 
u A 


(f. Mò; 1 M 
L EE EA E) 
( L)? QoS 


If we identify 
2 
M 
Ko71c 


Ll, +I, + Mi, =0 


I 
CL 


411 


(1) 


(2) 


(3) 


(4) 
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then the equations in (3) become 


ml, t (& 1) -Kl =0 























. (5) 
ml, + (x +Ky)1, -Kpl =0 
which are identical in form to Eqs. (12.1). Then, using Eqs. (12.8) for the characteristic 
frequencies, we can write 
(6) 
which agree with the results of the previous problem. 
12-13. 
1 H 1 Ke 
Lı 8 x BP. D, B 
The Kirchhoff circuit equations are 
E edes L5(1,-1,)-0 
1 
(1) 
Lj, + Boh, (i -i)-o 
2 
Differentiating these equations using g =I, we can write 
"A is 
(Li * LH, * — 1, - Lol, =0 
C, 
i (2) 
(L, +L) +1, -Ll =0 
C, 
As usual, we try solutions of the form 
L(ij=Be*; 1 (t)=B,e” (3) 


which lead to 
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|o (L, + Lj) - d -L, o? B, =0 


1 


(4) 

1 

-L eB, + G (L, + Ly) - + =0 
1 
Setting the determinant of the coefficients of the B’s equal to zero, we obtain 
2 1 2 1 472 
@ (L +L,.)-— || e^ (L, * L5) - — | 9! D (5) 
C, C, 


with the solution 








Lae (L, + Ly)C, +(Ly + Ly) Cy + JI &Ej)C, - (5, 1,)6; | 4415, 6C, a 
2C,C,[ (L, + La )(L, + Ly) - D, | 














We observe that in the limit of weak coupling (L, > 0) and L =L, =L, C, 2 C; =C, the 
frequency reduces to 


j= (7) 


which is just the frequency of uncoupled oscillations [Eq. (3.78)]. 


12-14. 


i, L, 
UWL -WWL 


Cie wo KC - 2, 

















The Kirchhoff circuit equations are (after differentiating and using $- I) 


"E TEL In : 1,20 

















C, C; Ci 
(1) 
bs E. Il : L=0 
C, C; C; 
Using a harmonic time dependence for I, (f) and I, (t), the secular equation is found to be 
[ue Zoe | | GtCs | C (2) 
1 12 C; C; Ci; 
Solving for the frequency, 
2 
z OG + Co) GC + Cu) TEE E L 5 
- 2L LCCC 
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Because the characteristic frequencies are given by this complicated expression, we examine the 
normal modes for the special case in which L = L, =L and C, =C, =C. Then, 





2 2C+C, 
2o M 
(4) 
2.1 
? LC 





Observe that @, corresponds to the case of uncoupled oscillations. The equations for this 


simplified circuit can be set in the same form as Eq. (12.1), and consequently the normal modes 
can be found in the same way as in Section 12.2. There will be two possible modes of oscillation: 
(1) out of phase, with frequency œ, and (2) in phase, with frequency o, . 


Mode 1 corresponds to the currents I, and I, oscillating always out of phase: 
NUN NU 


» Ee P Weed ose CA T w as 


1 2 1 2 





























Mode 2 corresponds to the currents I, and I, oscillating always in phase: 
[ EI — aE LOIN I UNL 


| D; = 2 mu Ca] G; S 





2 




















(The analogy with two oscillators coupled by a spring can be seen by associating case 1 with 
Fig. 12-2 for @=@, and case 2 with Fig. 12-2 for ø =a, .) If we now let L 2 L, and C, * Cj, we 
do not have pure symmetrical and antisymmetrical symmetrical modes, but we can associate 
09, with the mode of highest degree of symmetry and o, with that of lowest degree of 
symmetry. 


12-15. 
& E 


ES EA 


Setting up the Kirchhoff circuit equations, differentiating, and using q =I, we find 





L; 


^ R88" 








a 2. 1 
LÏ «RII |e- 20 
11 (i, a) a 1 
; (1) 
Li, + R(l -1j) «1, -0 


2 
Using a harmonic time dependence for I, (f) and I, (t), the secular equation is 
»! 


oR) Lt m ion) +@°R* =0 (2) 
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From this expression it is clear that the oscillations will be damped because o will have an 
imaginary part. (The resistor in the circuit dissipates energy.) In order to simplify the analysis, 
we choose the special case in which L, = L, =L and C, =C, - C. Then, (2) reduces to 


2 
(or - E - ioR) 4@R 20 (3) 


which can be solved as in Problem 12-6. We find 














= iv 
(4) 
e 
-| R+ imi 
ez t] 
The general solution for I, (t) is 
I, (t) _ Bie YLCt Boe pg RIL Los fh y Bee 6 ue 2 (5) 





and similarly for I, (t). The implications of these results follow closely the arguments presented 
in Problem 12-6. 

Mode 1 is purely oscillatory with no damping. Since there is a resistor in the circuit, this means 
that I, and I, flow in opposite senses in the two parts of the circuit and cancel in R. Mode 2 is the 
mode in which both currents flow in the same direction through R and energy is dissipated. If 
R? <L/C, there will be damped oscillations of I, and I, , whereas if R? > L/C , the currents will 
decrease monotonically without oscillation. 


12-16. 





Let O be the fixed point on the hoop and the origin of the coordinate system. P is the center of 
mass of the hoop and Q(x,y) is the position of the mass M. The coordinates of Q are 
x= R(sin 0 * sin 9) 
(1) 
y- —R(cos 0+ cos 9) 


The rotational inertia of the hoop through O is 


416 CHAPTER 12 


Io = Ig, + MR? = 2MR? (2) 
The potential energy of the system is 


U = U oop +U 


hoop mass 
(3) 

= -MgR(2 cos 0 + cos 9) 
Since Gand $ are small angles, we can use cos x 21— x? / 2. Then, discarding the constant term in 
U, we have 

u- ; MgR (26° + g) (4) 
The kinetic energy of the system is 

T= Tiso + em 


= MR? +5 MR’ [P+ d? +209 | 


where we have again used the small-angle approximations for Gand ¢. Thus, 


T= ; MR’ [30° + 8 +209 | (6) 

Using Eqs. (12.34), 
T2. à; d (7) 
U=SD Ag ji qk (8) 


jk 


we identify the elements of {m} and {A}: 


m] = MR? l i (9) 


2 0 
(Alm MsR(S 1 ao) 


The secular determinant is 
=0 (11) 


from which 
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28 392|| E-o- t0 (12) 
eis J(&-e) 


2 

o, -32 [& 
2 VR 

To get the normal modes, we must solve: 


X As —@ m; Ja; =0 
J 


Solving for the eigenfrequencies, we find 





(13) 











For k = r = 1, this becomes: 
[amgr E n 3m?) eee i mR? a, =0 


or 
Ay, 7 24; 
For k = 1, r = 2, the result is 
Ayy = dy 
Thus the equations 


X, = h h t Ay 1) 


X — Ay, T+ 0» My 


can be written as 
XQ = 0, M 0 0» My 
X,— 24, + 45 M, 
Solving for 75, 77 


dps 2x1 X5 


= 1 3a», 


3a 


7, occurs when the initial conditions are such that 7, 20; i.e., x4; = z5 Xz 


This is the antisymmetrical mode in which the CM of the hoop and the mass are on opposite 
sides of the vertical through the pivot point. 


7, occurs when the initial conditions are such that 77, =0; i.e., Xio = x4 
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This is the symmetrical mode in which the pivot point, the CM of the hoop, and the mass 
always lie on a straight line. 


12-17. 


k m k m k m k 


IES *— (050000 9 — 0 
cs be be 


Following the procedure outlined in section 12.6: 





T= Smid + Smid + m 





uU = Tio? + ES A + ES A) + she 





2 2 2 
=k| x Bx +X ee -X3X,| 


Thus 
m 0 O0 
m=| 0 0 
0 Om 
2k -k O 
A=|-k 2k -k 
0 -k 2k 
Thus we must solve 
2k— o^m =k 0 
=k 2k — om -k =0 
0 -k 2k — om 


This reduces to 
(2k - wm)’ — 2k? (2k - ^m) - 0 
or 
(2k - o^m) (2k -om) - 2r | sô 


If the first term is zero, then we have 





If the second term is zero, then 


2k— o^m- 42k 


COUPLED OSCILLATIONS 


which leads to 








To get the normal modes, we must solve 


Y As -0 m; Ja, =0 
J 


For k = 1 this gives: 
(2k - om) a, +(-k)a,, 20 
Substituting for each value of r gives 
r=1: (2k-2k)a, - ka, 20 4, =0 
r=2: (-V2 kJa; - ka, 20— A, = -V2 à, 


r=3: (V2 k)a — kan; = 0 > a, = V2 m; 


Doing the same for k = 2 and 3 yields 


Ay, = 74 Ay, =0 
li = 3, Any =—N2 dl, 
Ay = 03s Ay, = V2 d, 


The equations 


XQ =li Mh + Ay h 3 T] 
X, — d My y, My taz T] 


X3 — 3, My a, My + a33 T] 


can thus be written as 
1 
X, =h h EN 2 T] + Az3 13 
X) =Ayy h + V2 Azz T] 


1 
X3 = =h; h — 2 Ag Ny + 35 T]. 


We get the normal modes by solving these three equations for 7,, 7, 13: 
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2X3 7*5 
mh = 
20,1 
ex de xX, — X3 
Ih = 
242 a, 
and 
(OX N2 X, +X, 
Is = 


4a,, 


The normal mode motion is as follows 


X,—2—N2 X%,=-V2 X4 





73: e > e > e > 42424, amu. 














12-18. 
b 
` @n T 
x,=x+bsin0; x,-X-4bÓcos0 
y,-b-bcos0; ýy, =bðsin 0 
Thus 


T-2 Mi? +> m(i2 +9) 


1 
2 


U = mgy, = mgb (1- cos 0) 


2 


For small 8, cos @=1- Z . Substituting and neglecting the term of order 6°6 gives 


= MP+ m(t & + 2b x0 cos 6) 
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Thus 


We must solve 


which gives 


Thus 


T == (M+m)i? += màb + 2b x6) 
2 2 


U = M8? o 
2 


_|M+m mb 
xum See 


galt 0 
[O mgb 


-o (M +m) —o^mb 


-omb mgb—a’mb* 








o» (M  m)(o mb? — mgb) - ^nt? =0 


o | @ Mb? - mgb(m+ M) |=0 





a, =0 


@, = -£ (M+m) 


Y (A; — m; Ja; =0 
] 








Substituting into this equation gives 


Thus the equations 


become 


a, =0 (ke re) 


b 
x UE (k-2,r-2) 





Ayo 


X= Ay, h + Ay My 


A= Ay, h +4» My 


m 
x= li h- miM)? h 
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0-0, M 
Solving for m, m: 
0 
e 
d 
bm 
x+ 
(m+M) 
n, = ——————— 
au 





1, occurs when n, 20; or 0-0 


bm 
(m4 M) 


n, occurs when n, 20; orx-— 





12-19. With the given expression for U, we see that {A} has the form 


1 TER TE 


The kinetic energy is 


T => (0 + 0? + 2) 


so that {m} is 





100 
{m}=/0 1 0 
0 0 1 
The secular determinant is 
1- o? £i E3 
-&y l-@° -êy |= 
E13 &&, 1 a 


Thus, 
(1- aj - (1 - o (e +E + E2) —2&56,65 =0 
This equation is of the form (with 1- @* =x) 
x? —3a7x— 287 =0 
which has a double root if and only if 
3/2 
Gea 
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(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 
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Therefore, (5) will have a double root if and only if 


3/2 
2 2 2 
En tat € 
| z " - l = € €13€53 (8) 


This equation is satisfied only if 


6 


Consequently, there will be no degeneracy unless the three coupling coefficients are identical. 


12-20. If we require a,, = 24,,, then Eq. (12.122) gives a, =—3a,,, and from Eq. (12.126) we 
obtain a, = 1/ V14 . Therefore, 








" | 2 d 3 | (1) 
t (414° V14” v14 
The components of a, can be readily found by substituting the components of a, above into Eq. 
(12.125) and using Eqs. (12.123) and (12.127): 








AE Q) 


These eigenvectors correspond to the following cases: 





a a 


12-21. The tensors {A} and {m} are: 





K 55 0 
1 1 
{A} = 2*5 Ky 2*5 (1) 
5% Ki 
m 0 O0 
{m} =|0 m O0 (2) 
00m 


thus, the secular determinant is 
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K mo cA 0 
1 1 

5 K3 K, — mo 3 K, |=0 (3) 

1 2 

0 p K3 K,— mo 

from which 
1 

(x, - mo?) (x, mor ) 2 K (x, ma) =0 (4) 


In order to find the roots of this equation, we first set (1/ 2)i3 =k,k, and then factor: 
(x, i mo”) LG - mor Je; = mo ) E KK, | =0 
(x, - me? )| m o* - (e * x;)mo? | =0 (5) 


(x, — ma’) mo” [mo i (x + x;)] =0 


Therefore, the roots are 


(6) 





Consider the case c, = 0. The equation of motion is 


jj +03 =0 (7) 
so that 
js -0 (8) 
with the solution 
n (t) 2 at +b (9) 


That is, the zero-frequency mode corresponds to a translation of the system with oscillation. 
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12-22. The equilibrium configuration is shown in diagram (a) below, and the non- 
equilibrium configurations are shown in diagrams (b) and (c). 


(a) 





(b) 








The kinetic energy of the system is 
1...» 1,2» 1l,. 
T= > Mi t, 10 +3 hP (1) 
where I, 2 (1/3) MA* and I, - (1/3) MB". 


The potential energy is 


U= JE - A0 - BØ) +(x, + A0- BØ)? +(x, + AO+ BØ) +(x, - A0 Bg) | 


= (4x - 4A!8 + AB) (2) 


Therefore, the tensors {m} and {A} are 





M 0 0 
{m} =| 0 = MA’ 0 (3) 
0 0 1 up? 
L 3 
4K 0 0 
{Al=|0 4xA? 0 (4) 
0 0 Ax B? 


The secular equation is 
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1 


(4x - Mo?) (Aca? - E MA*a | (ae E MBa?) =0 (5) 


Hence, the characteristic frequencies are 








We see that @, = œ, , so the system is degenerate. 


The eigenvector components are found from the equation 
2 E 
Y (As -o m; Ja; =0 
J 


Setting 44, 2 0 to remove the indeterminacy, we find 





1/M 0 0 
a-| 0 |; a;-|43/MA |; a= 0 


The normal coordinates are (for x,(0) = @(0) = ¢(0) 20) 




















m (t) = X39 VM cos et 
Q,AJVM 

i, (t) - B cos @,t 
¢yBVM 

m (t) = Pc cos of 





Mode 1 corresponds to the simple vertical oscillations of the plate (without tipping). Mode 2 


(6) 


(7) 


(8) 


(9) 


corresponds to rotational oscillations around the x, axis, and Mode 3 corresponds to rotational 


oscillations around the x, -axis. 


The degeneracy of the system can be removed if the symmetry is broken. For example, if we 
place a bar of mass m and length 2A along the x,-axis of the plate, then the moment of inertia 
around the x,-axis is changed: 


p i (M+m)A? (10) 


The new eigenfrequencies are 
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5 3K 
M+m 

oO, =2 S 
M 





and there is no longer any degeneracy. 


12-23. The total energy of the r-th normal mode is 


E,=T, +U, 
=F ih +S ott 
where 
n, = pe" 
Thus, 
7, =io, Be" 


In order to calculate T, and U,, we must take the squares of the real parts of 7, and 7,: 
.2 2X2 P í mA 2 
m -(Rez) = [Rei o, (u, * iv,) (cos œ,t+isin o,t)| 


- [-o, V, COS OE — 0, 4, Sin ot 


so that 
T, = ; o? | v, cos o,t* u, sina,t f 
Also 
m =(Ren,) - [Re(u, + iv, (cos @,t + isin œ,t) | 
=[u, cos ot - v, sin o,t | 
so that 


1 i 
U, = 5 0» |u, cos ot — v, xin ot] 


Expanding the squares in T, and U,, and then adding, we find 
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(11) 


(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


428 CHAPTER 12 
E,=T, +U, 


= 508 (2+ v?) 
Thus, 


E, -lg 
2 


2 


B, (8) 








So that the total energy associated with each normal mode is separately conserved. 


For the case of Example 12.3, we have for Mode 1 


IM 
m= 3 (xio = Xe) cos at (9) 


Thus, 
: M ; 
1 =-0; V2 (X10 E Xy) sin et (10) 
Therefore, 
1. 1 
E, -nt.om (11) 
But 
K-T-2k« 
o? = EXT 12 (12) 
so that 
1«+2k,,M 2. 1x-2x«,M 2 
E, = 2 I 5 (xio — Xa] sin? Qt + 2 are 5 (Xio — 355) cos? et 
1 2 
E (x + 2k») (xio -— 1) (13) 


which is recognized as the value of the potential energy at t = 0. [Att = 0, x, =x, = 0, so that the 
total energy is U, (t 2 0) .] 


12-24. Refer to Fig. 12-9. If the particles move along the line of the string, the equation of 
motion of the j-th particle is 





mx, = (x; #2) K(x; de (1) 
Rearranging, we find 
x; = (xja — 2x; +X] (2) 


which is just Eq. (12.131) if we identify t/md with «/m. 
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12-25. The initial conditions are 





(1) 





i, (0) = 4; (0) = 4, (0) =0 
Since the initial velocities are zero, all of the v, [see Eq. (12.161b)] vanish, and the x, are given 
by [see Eq. (12.161a)] 


oe 











a|. oar . ar, 3ar 
LU, = sin + sin —+sin za (2) 
2 4 2 4 
so that 
SONA, 
4 = 2 
H, =0 (3) 
Za, 
H5 = 2 


The quantities sin| jrz/(n--1) | are the same as in Example 12.7 and are given in Eq. (12.165). 
The displacements of the particles are 





q (t) = j^ (cos «t + cos @,t) + x a (cos «t — cos œt) 


gts ee (cos «t — cos ct) + : a (cos of + cos œt) (4) 








1 2 
q; (t) = 2^ (cos ot — cos œt) + x» a (cos et + cos ct) 
where the characteristic frequencies are [see Eq. (12.152)] 


T rm 
@,=2,/—~ sin|— |, r=1,2,3 5 
ERE Ed 6) 
Because all three particles were initially displaced, there can exist no normal modes in which 
any one of the particles is located at a node. For three particles on a string, there is only one 
normal mode in which a particle is located at a node. This is the mode ø= o, (see Figure 12-11) 
and so this mode is absent. 


p mb? 
E (+6 +6) => [m]- mb? 


12-26. Kinetic energy T = 5 





-mb? 


Potential energy 
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U= mgb| (1- cos 0,) - (1- cos 0,)+(1- cos @,)]+50° |(sin 0, — sin A + (sin 0, — sin o) | 


2 


b 
" (E £6 +0)+ “(a +263 + 6; - 20,0, -20,0,) 


mgb + kb? -kb? 0 
=> [A]=| -kb?  mgb+kb? -kb 
0 -kb?  mgb+kb’ 


The proper frequencies are solutions of the equation 


(mgb + kb? —mb^o) -kp? 0 
0- Det([A] - &? [m]) = Det -kp? (mgb  2kb? - mb^o?) -kp? 
0 -kp? (mgb + kb? - mb*o*) 


We obtain 3 different proper frequencies 


kb | k 
D mu d > a= mm = 4.64 rad/s 
mb mb 
T NL RE END SO NEN 
mb mb 


eet S o= [E car rats 


mb 








Actually those values are very close to one another, because k is very small. 


12-27. The coordinates of the system are given in the figure: 





Kinetic energy: 


T =m n eun (B 6 + È & -2L,L,0,8, cos(6, - 0,)) 


1. 1 : gee, ol bos 
x zê (mL -mjl) + mld; — m,L,L,6,0, = 5 0, Ò; 
jk 
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e AE (m,+m,)L, - m,LL, 
j —m,L,L, mL, 


Potential energy: 


uz mL, (1— cos 0,)+ mjg|L, (1- cos 0,)+L, (1- cos 6,)| 


0; & 1 
z (m, + m,) gL, P m,gL, a = 52, ^68. 
jk 


R (m, +m) gL, 0 
B An] 7 | 0 MygL, 


Proper oscillation frequencies are solutions of the equation 


Det([A] -0 [m]) =0 





(m +m,)g(L + Ly) e ems +m,)g°[m (L - 1 +m, (L +L) | 
2m,L,L, 





=> M1. = 


(411) 
The eigenstate corresponding to @, is ' "| where 
5 


2. L ) 
Sm, | x à, 


(m 2 m;)L, ja 
mL, | (m +m,)g(L eL.) e ems m)? [m (L, - 1, +m, (L +L) | 


Ay, = 





(az) 
The eigenstate corresponding to @, is ' t J where 
Az 


) 


Ag = 








( 
(m, 4 m,) Ly 1 2em,L, - 
2 2 B 
Tm (m, + m,)g(L, + L;)- Jos +m) g” | m, (Li-L +m, (L +L) ] 
These expressions are rather complicated; we just need to note that a,, and a, have the same 


sign (2 > o) while a, and a,, have opposite sign (2 < o) ; 
lz 5 


The relationship between coordinates (6, 0,) and normal coordinates 75, 77, are 


Aiz 
m ~ 0 -—50 
A, =A, M+ ds a zs diio. y f 
O, = Ay, M t 05 M ] ~0 -%9 
576 2 


Ay, 
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To visualize the normal coordinate 7,, let 7, 20. Then to visualize the normal coordinate m, 
ü ü : ‘ 

we let 7, =0. Because 4 >0 and —* <0, we see that these normal coordinates describe two 
Ay Ay, 

oscillation modes. In the first one, the two bobs move in opposite directions and in the second, 

the two bobs move in the same direction. 


12-28. Kinetic energy: T= : 


2 
= mb + mbi = p=" ? | 


0 mb 
Potential energy: U =m,gb (1— cos 0,) + m,gb(1— cos 6,) + = (b sin 0, — b sin 6;) 
b+kb? —kb* 
= [em 
-kb m,gb + kb 
Solving the equation, Det([A] -o [m]) — 0, gives us the proper frequencies of oscillation, 


c? - S. = 25 (rad/s)? peek 2 4 ade ado) 
b b m, m, 


a 
The eigenstate corresponding to @, is a with a, =7.444,, 
22 


a 
The eigenstate corresponding to @, is p with a, =8.554,, 
22 


From the solution of problem 12-27 above, we see that the normal coordinates are 


m ~ 6, - 22.8, = 0, + 0.128, 


Ago 


n, ~ 0, - 210, = 0, +0.13 8, 


Ag, 


Evidently 7, then characterizes the in-phase oscillation of two bobs, and 7, characterizes the 
out-of-phase oscillation of two bobs. 


Now to incorporate the initial conditions, let us write the most general oscillation form: 
0, = Re(a a,, er + aa, peers) 
0, = Re(a ae! a. gee) 
= Re(7.44a0,, g^ _ 8 3500, EHE] 


where a is a real normalization constant. The initial conditions helps to determine parameters 
«6S, a's, OS. 
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| Re(0,(t=0)=-7° = aa, cos 5, + au, cosô, = -0.122 rad) 
Re(6,(t20)20* = 7.44aa,, cos ô, -8.35au,, cos ô, =0) 
=> sino, =sin 6, =0. Then 

0, = aa,, cos et + dA cos @,t = —0.065 cos et — 0.057 cos o, 

0, =7 44aa,, cos et + 8.354; cos w,t = 0.48 (cos @,t — cos ot) 


where o, = 5.03 rad/s, @, 2 4.98 rad/s (found earlier) 


Approximately, the maximum angle 0, is 0.096 rad and it happens when 








cos o,t - 1 
cos ot =—1 
which gives 
et -2n œ _2k+1 
@t=(2k+1) z o, 2n 
because 2i = TUE we finally find k 21 2 50 and t= nm. 63s 
@, 100 0» 


Note: 6, max = 0.96 rad and at this value the small-angle approximation breaks down, and 


2max 


the value 6,,,, we found is just a rough estimate. 
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CHAPTER 1 3 





Continuous Systems; 
Waves 


13-1. The initial velocities are zero and so all of the v, vanish [see Eq. (13.8b)]. The yw, are 
given by [see Eq. (13.8a)] 





2At. 32x TIX 
, = [sin sin dx 
UE L L (1) 
= Ads, 
so that 
Hy =A 
(2) 
H,-0, r#3 


The characteristic frequency o, is [see Eq. (13.11)] 


3m |T 
CE (3) 


q(x,t) = A cos E TE ] sin m (4) 


For the particular set of initial conditions used, only one normal mode is excited. Why? 


and therefore, 














13-2. 
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The initial conditions are 


3h L 

—x, 0€x&s— 

L 3 
EOI 3h i. 

—(L-x) =<x<L 

2L 3 
q(x,0)=0 


Because j(x,0) 2 0, all of the v, vanish. The yw, are given by 





L/3 L 
L, en Í x sin dx 2h fa x) sin dx 
pos LU mE L 
see sin 2 
rn 3 


We see that w, =0 forr = 3, 6, 9, etc. The displacement function is 
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(1) 


(2) 


(3) 





_ 3h 











where 


TH |T 


r L p 


_ TX 1 . dx 1 . 4zx 
q(x,t) ;-| sin — cos ct + — sin x cos @,t — — sin —— cos of -... 
2m L 4 L 16 L 


(4) 


(5) 


The frequencies @,, @,, @,, etc. are absent because the initial displacement at L/3 prevents 


that point from being a node. Thus, none of the harmonics with a node at L/3 are excited. 


13-3. The displacement function is 








q(x,t) . zx 1 . 9m 1 . EX 
> Sin — COS @,f — — sin —— cos @,f + — sin —— cos Øst + ... 
8h/z L 9 L 25 L 
where 
m |T 
Q,=—,|— 
LNp 
Q, —- TO, 
For t = 0, 
G0) . zx do Bae. hon 5mx 
7 = sin sin +—— sin Fisi 
8h/ x L 9 L 25 L 


(1) 


(2) 


(3) 


The figure below shows the first term, the first two terms, and the first three terms of this 
function. It is evident that the triangular shape is well represented by the first three terms. 
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0 
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1 term 


) 


2 terms 





3 terms 





cx 


The time development of q(x,t) is shown below at intervals of 1/8 of the fundamental period. 





13-4. The coefficients v, are all zero and the yw, are given by Eq. (13.82): 


so that 


Since 


L 


== fx (L- x) sin 7 dx 





E est] (1) 








r odd 


rar 3" 
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q(x,t) - J u, sin mr cos ,t (3) 


the amplitude of the n-th mode is just 4,- 
The characteristic frequencies are given by Eq. (13.11): 


UID. i (4) 


On 
L Vp 


13-5. The initial conditions are 


q(x,0)=0 


<s (1) 








0, otherwise 


The yw, are all zero and the v, are given by [see Eq. (13.8b)] 





2 (L/2)+s "m 
MTS E Í Ug sin y dx 
ied 
= 40, sin sin 2 (2) 
rro, 2 L 
from which 
0, r even 


v, = 


(3) 
EU (1)? sin me, rodd 
TTO L 


T 


(Notice that the even modes are all missing, as expected from the symmetrical nature of the 


initial conditions.) 
m |T 
Q, -— |— 4 
IS a 


Now, from Eq. (13.11), 
and o, - ro . Therefore, 
ue (-1) 7? sin T r odd (5) 





According to Eq. (13.5), 
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qot) - Be sin 
E -5 v, Sin ot sin = (6) 
F L 
Therefore, 
q(x,t)= a (sin 0t sin Ta En o» sin Pu sin SM P ) (7) 
TO, L L 9 L E 
Notice that some of the odd modes—those for which sin ( 3zs/ L) =0—are absent. 
13-6. The initial conditions are 
q(x,0)- 0 
An. x O<x< E 
L 4 
(1) 
q(x,0)= 225 E «| Degas 
L |2 4 2 
0 2 <x<L 
L 2 
The velocity at t = 0 along the string, q(x,0), is shown in the diagram 
The 4, are identically zero and the v, are given by: 
2 f rax 
v, =- [4(x,0) sin — dx 
rLa, 4 L 
80, i TT _ TT 
= 35 sin 2 sin (2) 
rm, 2 4 


Observe that for r = 4n, v, is zero. This happens because at t = 0 the string was struck at L/4, 
and none of the harmonics with modes at that point can be excited. 


Evaluation of the first few v, gives 
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v, -0414. 5% v, -0 
TO, 

1 8o 2.414 8v 

na = 5 — amm — (3) 

T O 125 zœ 
2414 80, 2 80, 
————— Vs = ——.. 5 
i 27 mo, 216 70 
and so, 
80, 










q(x,t) (0414 sin œt sin AR 2 sin @,t sin GN 
TO, L 4 L 
3ax 2414 


L 135 








' ; _ 0X 
sin @,f sin sin ost sin "9 





From these amplitudes we can find how many db down the fundamental are the various 
harmonics: 


Second harmonic: 


2 
101og E =—4.4 db 


Third harmonic: 


2 
101og ELA --13.3 db 


(4) 


(5) 


(6) 


These values are much smaller than those found for the case of example (13.1). Why is this so? 


(Compare the degree of symmetry of the initial conditions in each problem.) 


1 3-7. 





Since j(x,0) 20, we know that all of the v, are zero and the yw, are given by Eq. (13.82): 


L 
4, == fa(x,0) sin 7 dx 


0 


The initial condition on q(x,t) is 


(1) 
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pid jers i 
3L 7 
7h 3 4 
,0)= 2x-L), L<x<—L 2 
q(x,0)=|F(2x-1), 7L«x«7 o 
sa, f egt 
3L 7 


Evaluating the u, we find 








(3) 





98 h . 4ra . 3rx 
e ; 5; Sin sin 
3 rm 7 7 








Obviously, “4, =0 when 47/7 and 3r/7 simultaneously are integers. This will occur when r is 


any multiple of 7 and so we conclude that the modes with frequencies that are multiples of 7o, 
will be absent. 


13-8. For the loaded string, we have [see Eq. (12.152)] 


E rz 
=2,|/-— si 1 
i má 2(n +1) ©) 


Using p=m/d and L=(n+1)d, we have 


2: KT... Tc 
QO, = sin 
' dNpo 2(n+1) 


AYO lt. rr 
TEN [es ain 2) 











The function 


(3) 





is plotted in the figure for n = 3, 5, and 10. For comparison, the characteristic frequency for a 
continuous string is also plotted: 





— (4) 
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121 


n -10 
104 














0 + + + + + + + + + ——- 
0 2 4 6 8 10 


Of course, the curves have meaning only at the points for which r is an integer. 


13-9. From Eq. (13.49), we have: 








D ST T 
B=; m= (1) 
2p pb 
From section 3.5, we know that underdamped motion requires: 
P «as 
Using (1) this becomes 
D? smr 
Ap ^ pb 
p P 
2,2 
or pue WII underdamped 
222 
Likewise D? = e: critically damped 
2.2 
pe UII overdamped 











The complementary solution to Eq. (13.48) for underdamped motion can be written down using 
Eq. (3.40). The result is: 


n (t) - Ce? cos (cot - 4) 
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where o; 7 ox — f , @ and fare as defined in (1), and C, and 4, are arbitrary constants 
depending on the initial conditions. The complete solution to Eq. (13.48) is the sum of the 
particular and complementary solutions (analogous to Eq. (13.50)): 


2F, sin =| cos (ot B à.) 


2.2 
pb [m oF Dor 
p 





n, (t) - Ce" cos (œ t- 4.) 





pb 


where 





From Eq. (13.40): 


Thus 














If the point x is a node for normal coordinate s, then 


xon : ; 
"zem where n is an integer < s 
S 


(This comes from the fact that normal mode s has s-half wavelengths in length b.) 


x n 
For —-—, 
b s 


sin a = sin nz = 0; hence f, (t) 20 
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Thus, if the string is driven at an arbitrary point, 
none of the normal modes with nodes at the driving 
point will be excited. 








13-11. From Eq. (13.44) 


f(t) - [Fist sin as (1) 


0 


where F(x,t) is the driving force, and f, (t) is the Fourier coefficient of the Fourier expansion of 
F (x,t) . Eq. (13.45) shows that f. (t) is the component of F(x,t) effective in driving normal 
coordinate s. Thus, we desire F(x,t) such that 


f,(t)=0 fors#n 
#0 fors=n 


From the form of (1), we are led to try a solution of the form 


F(x,t)= g(t) sin = 


where g(t) is a function of t only. 
Thus 


b 
f.(t)- fs) sin a sin e dx 


0 
(nts)zx] 
For n £ s, the integral is proportional to sin IL ; hence f,(t)=0 forsz n. 
x=0 


For n = s, we have 


f.(t) = g(t) f sin’ "EX dy- g(1) 0 


0 


Only the 1^ normal coordinate will be driven. 


Thus, to drive the n" harmonic only, 





F(x,t) 2 g(t) sin ^ 
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13-12. The equation to be solved is 





7, -0 (1) 
Compare this equation to Eq. (3.35): 
X-2fk -o$ x=0 
The solution to Eq. (3.35) is Eq. (3.37): 
x(t) » e^ | A, exp( JF -0 t) +A, expl- JF -0 2] 


Thus, by analogy, the solution to (1) is 





n, (t) = e Pg A e| 








13-13. Assuming k is real, while wand v are complex, the wave function becomes 
y (x,t) = Ae etiam) 
= Ael”) eA (1) 
whose real part is 
y(x,t)= Ae" cos (at — kx) (2) 
and the wave is damped in time, with damping coefficient £. 


From the relation 


2 
o 
k? = p (3) 
we obtain 
(a+if) =k (u iw (4) 


By equating the real and imaginary part of this equation we can solve for a and fin terms of u 
and w: 


k^uw 
Nds 5 
a B (5) 
and 
kw 
B= (6) 
iku 


Since we have assumed f to be real, we choose the solution 
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Substituting this into (5), we have 


as expected. 


Then, the phase velocity is obtained from the oscillatory factor in (2) by its definition: 














Reo « 
V = = — 
k k 
That is, 
V =u 
13-14. 
Ll» I, La lo 
L LU L L 
Qi Qna Qn Quit Qn 
C c e € C 
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(7) 


(8) 


Consider the above circuit. The circuit in the n™ inductor is I, , and the voltage above ground 


at the point between the n"™ elements is V,. Thus we have 














V,- Q, 
C! 
and 
L' d, imi Via V, 
dt 
= Qua _ Q, 
G^» C 
We may also write 
dQ, 
C L, E Lui 
dt 
Differentiating (1) with respect to time and using (2) gives 
„@I, 1 
L dt? = C' [Ec 21, +143] 
or 
dI, 1 





d£ s ic [Ls 21, £L] 


(1) 


(2) 
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Let us define a parameter x which increases by Ax in going from one loop to the next (this will 
become the coordinate x in the continuous case), and let us also define 
L f C f 
; Ce 
Ax Ax 
which will become the inductance and the capacitance, respectively, per unit length in the limit 
Ax 0. 


La 








(5) 


From the above definitions and 








AI, 2I,4-I, (6) 
(4) becomes 
PI, 1 
TT (AL, , —Al,,) =0 (7) 


or, 


dL, E A(AL, ) 
d? LC 








=0 (8) 


Dividing by (Ax)^, and multiplying by (-L'C’), we find 


A(AIL,) jc £1 











~=0 9 
(Ax) dt? ( ) 
But by virtue of the above definitions, we can now pass to the continuous limit expressed by 
I, (t) > I (x,t) (10) 
Then, 
A(AI (x,t Al (xt 
Ax ot 
and for Ax > 0, we obtain 
eI 1901 
PE anre o. vere ud) 12 
DX v? ôt (2) 
where 
1 
Jac 


13-15. Consider the wave functions 
y, - Aexp i(at — kx) | 
(1) 
y,-Bexp [i((e t Ao)t - (k Ak) x) | 


where Ao « o; Ak «k. A and B are complex constants: 
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A - |A| exp (i$, ) 
| Q) 
B - |B| exp (id, ) 
The superposition of y, and y, is given by 
W=Y ty, 
E Aat—Akx i Act—Akx (3) 
- exp (lote) t -(x a) J x L exp (id, Je | 2 | + |B| exp (id, Je | 2 | 


which can be rewritten as 


ai BORSA due dy | Aot- Noc -pa 
"Tele mee metet Te g 








Define 
tAo — xAk = ô 
(5) 
hr x Qa =a 
and 
|A ee at? ire? © 
Therefore, 
rf -2(AF + IBP) (7) 
cos ĝ= |A| + |B| zz cos (+a) " 
[z(a +B]? 
R ag o T 
[Arm — ? 
That is, 8is a function of (^o)t - (Ak)x . Using (6) and (7) - (9), we can rewrite (4) as 
vrie] H(o 88): (1-8) 24 en (10) 
and then, 








(11) 
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From this expression we see that the wave function is modulated and that the phenomenon of 
beats occurs, but for A + B, the waves never beat to zero amplitude; the minimum amplitude is, 
from Eq. (11), |A| - |B| , and the maximum amplitude is |A|-- |B|. The wave function has the form 
shown in the figure. 








lALHIBI.— 4 [Al - Bl 


TERT 
IU 


13-16. As explained at the end of section 13.6, the wave will be reflected at x = x, and will 
then propagate in the —x direction. 






































13-17. We let 
m', j22n 
m",  j-2n«1 


where n is an integer. 


Following the procedure in Section 12.9, we write 


m T 
b,-mü- Fi (dani — 29, + a) (2a) 
ds T 
ba =M" fon = d (a5, -2gua + T Qb) 
Assume solutions of the form 
Mon = Aeilot-2nka) (3a) 
Gone = pelo Gu] (3b) 


Substituting (3a,b) into (2a,b), we obtain 





wA=— (Be 2A + Be) 
m'd 
(4) 
: 
m"d 





a B = — — (Ae - 2B Ae) 


from which we can write 
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ES o B=* coskd -0 
(5) 
-AZE coskd+B| 22 -0 |=0 
m"d m"d 


The solution to this set of coupled equations is obtained by setting the determinant of the 
coefficients equal to zero. We then obtain the secular equation 


2 
É o | zr o : [FF cos kd =0 (6) 
m'd md m'm" | d 
Solving for œ, we find 


" 1/2 
dim G $ +) + G + +) ae sin? i | (7) 
diNm' m" m' m" m'm" 


from which we find the two solutions 


dis (4 + an 
1 d m' m" 





























If m' < m", and if we define 





| 2T | 27 [m 
O, = m"d' O, = m'd’ O, = o» T o, (9) 


Then the o vs. k curve has the form shown below in which two branches appear, the lower 
branch being similar to that for m' = m" (see Fig. 13-5). 








Using (9) we can write (6) as 


sin? kd = 





o 
1 (o +o - a? )2 W(w) (10) 
ab 


From this expression and the figure above we see that for œ > œ, and for o, < o < o,, the wave 
number k is complex. If we let k =x +i, we then obtain from (10) 


sin? (x + iB)d = sin? xd cosh’ £d — cos? xd sinh? fld + 2i sin xd cos xd sinh d cosh fd - W(c) (11) 


Equating the real and imaginary parts, we find 
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sin xd cos xd sinh fid cosh fid 20 


sin? xd cosh’ fd — cos? xd sinh? fd =W (c) = 
We have the following possibilities that will satisfy the first of these equations: 
a) sin xd =0, which gives x= 0. This condition also means that cos «d = 1; then ß is 
determined from the second equation in (12): 
—sinh’ Bd - W (Ææ) (13) 


Thus, o» o, , and «is purely imaginary in this region. 

b) cos «d = 0, which gives x= 7/2d. Then, sin xd = 1, and cosh? fd = W (œ). Thus, v, < @ < &,, 
and « is constant at the value z/2d in this region. 

c) sinh fd - 0, which gives £= 0. Then, sin? xd = W (œ). Thus, v « o, or o, «o « o, , and x is 
real in this region. 


Altogether we have the situation illustrated in the diagram. 








13-18. The phase and group velocities for the propagation of waves along a loaded string are 


p 2 _ ed [sin (ka/2) 


ey c kd/2 ©) 








d 
u(k)- fe - E cos (k4/2) Q) 
where 
æ= @, |sin (kd/2)| (3) 





The phase and group velocities have the form shown below. 








= 





k 


When k= z/d, U = 0 but V = o,d/z . In this situation, the group (i.e., the wave envelope) is 


stationary, but the wavelets (i.e., the wave structure inside the envelope) move forward with the 
velocity V. 
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13-19. The linear mass density of the string is described by 
A ifx<O0;x>L 
p = 
p, if0<x<L 


II 


I II 
p |... P2 a CP 


y 
1 











0 


Consider the string to be divided in three different parts: I for x < 0, II for 0 < x « L, and III for 
x>L. 


Let 9- A c" ^ bea wave train, oscillating with frequency æ, incident from the left on II. We can write 
for the different zones the corresponding wave functions as follows: 


y, = Ae 9*9) + pe eto) = ei [Ae ^» ES Be" | 


Y= Cete) 4 Deo» _ ei [ce e de De® | (1) 


i(wt-kx) 


yq; = Ee 


kav, k, = vE v Zn Q) 
1 


and where r is the tension in the string (constant throughout). To solve the problem we need to state first 
the boundary conditions; these will be given by the continuity of the wave function and its derivative at 
the boundaries x = 0 and x = L. For x = 0, we have 


y, (x 20) = v (x =0) 


Where 

















Ow, vg n 
Ox |o — OX lio 
and for x = L, the conditions are 
Vu (x =0)= Wu (x= L) 
ow] _ Ova (4) 
OX |, OX ha 
Substituting yas given by (1) into (3) and (4), we have 
A+B=C+D 
(5) 


-A+B="2(-C+D) 
k 


and 
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C e ^. +D e^t =F e ^ 


aC e ^t +D e = kp e ^ 
2 
From (6) we obtain 
C-- f + k) E eek) 
25 87 


Hence, 


From (5) we have 


Tos os os 1L k) 
A SILIO EJ" 





Using (7) and rearranging the above equation 


B 1 (k +k,) eh 
2k, (k, - k,) 





(k,-—k,)|D 


In the same way 


1 i 
B=- l-k +k,) e?** +(k, +k,)|D 


1 


From (10) and (11) we obtain 





s EA 
Ar eoe e e] 














On the other hand, from (6) and (8) we have 





which, together with (10) gives 





E 4k,k, eet) 


A (kk) e - (k, -k, 








Since the incident intensity I, is proportional to |A 


2 : 
, we can write 





transmitted intensity is I, =|E 


* the reflected intensity is I, = |B|? , and the total 
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(6) 


(7) 


(8) 


(9) 


(10) 


(11) 


(12) 


(13) 


(14) 
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2 2 
aE, Lau EE 


























r 70|4A2^/ ^t 70 2 (15) 
|Al |Al 
Substituting (12) and (14) into (15), we have, for the reflected intensity, 
| gem] f T 
FS UE io] eu (ey 
From which 
ect (k? - kJ (1— cos 2k,L) T 
(0 | KK 6k -(Ki - 2)’ cos 2k,L 
and for the transmitted intensity, we have 
: 2 
Ak, k, geh) 
(dg CHER Xm AE (18) 
(k, - k) e -(k -k) 
so that 
8e 
[T —— (19) 








Kiki + 6K2K2 — 2(k? - IG) cos2k,L 





We observe that I, I, =I), as it must. 


For maximum transmission we need minimum reflection; that is, the case of best possible transmission is 


that in which 
I, =I, 
(20) 
I, =0 
In order that I, = 0 , (17) shows that L must satisfy the requirement 
1—cos 2k,L =0 (21) 


so that we have 





Ed om dao I o e Q2) 


k, eo P» 


L 











The optical analog to the reflection and transmission of waves on a string is the behavior of light 
waves which are incident on a medium that consists of two parts of different optical densities 
(i.e., different indices of refraction). If a lens is given a coating of precisely the correct thickness 
of a material with the proper index of refraction, there will be almost no reflected wave. 
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13-20. 


y 





We divide the string into two zones: 


I x«0 


I: x>0 
Then, 


y= A, e 4 profer m 
Vy = AU 


The boundary condition is 
y, (x =0)= vy (x=0) (2) 


That is, the string is continuous at x = 0. But because the mass M is attached at x = 0, the 
derivative of the wave function will not be continuous at this point. The condition on the 
derivative is obtained by integrating the wave equation from x = —eto x = +£ and then taking 
the limit ¢— 0. 











Thus, 
2 
ME -r| 2| (3) 
OF |g Ox Ox ||. 
Substituting the wave functions from (1), we find 
A,+B,=A, (4) 
ikt(—A, + A, - Bj) 2 -9^ MA, (5) 
which can be rewritten as 
(ikr — oM) 
A, F B, = A, . (6) 
ikt 
From (4) and (6) we obtain 
A +B ikt 
l1 l- — —ÀL— (7) 
A-B, ikr-oM 
from which we write 
B, oM o^ Mj2ikz 


— LM m — ———— 8 
A, 2ikr-o^M 1-@°M/2ikr i 


Define 
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T =P =tand (9) 
2kr 
Then, we can rewrite (8) as 
Sacco (10) 
A, 1+iP 


And if we substitute this result in (4), we obtain a relation between A, and A,: 


Ae. 1 














22 11 
A, 1+iP n 
B 2 
The reflection coefficient, R = F , will be, from (10), 
1 
2 2 2 
T By . Re^ á tago (12) 
A| 1«P? 1+tan’@ 








or, 





R=sin’ 0 (13) 








2 
and the transmission coefficient, T — Fs , Will be from (10) 
1 
PONE 1 
T- a E ; (14) 
j +P^ 1-«tan 0 








or, 


as 


The phase changes for the reflected and transmitted waves can be calculated directly from (10) 
and (11) if we substitute 








B, = [B,| eB, 
A, =|A,|e%A, (16) 
A, =|A,|e*A, 
Then, 
B, |B| ifo, -9a ) P i tan (YP) 
TII Qm fA e (17) 
A |A V1+P? 
and 
A, |A, ila -4m ) 1 itan™ (-P) 
—~ at Ate UM Se (18 
A, JA "TS 
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Hence, the phase changes are 





s, — G4, = tan” is = tan ! (cot 6) 














(19) 
$4, — ó4, 7 tan (P) - — tan! (tan 0) - -6 
13-21. The wave function can be written as [see Eq. (13.111a)] 
v(x,t)» | A(X)e dk (1) 
Since A(k) has a non-vanishing value only in the vicinity of k = k;, (1) becomes 
ko - Ak 
v(xt)e | e" dk (2) 
kg—Ak 
According to Eq. (13.113), 
O= 0+ e (k-k) (3) 
Therefore, (2) can now be expressed as 
. ky + Ak . 
v(x,t) = e —woko)t f gott dk 
ky—Ak 
- pm eilko+Ak)(@5t-x) Z eost) 
ilot- x) 
9g o eio) Pu B ett )hk 
RENI CES IS | UT NM F (4) 
et — x 2i 
and writing the term in the brackets as a sine, we have 
2sin|(a@jt—x)Ak | . 
yt) ELEA AE] ia (5) 
ay - x 
The real part of the wave function at t = 0 is 
2 sin (xAk 
Re y(x,0)= anag cos kox (6) 





If Ak <k,, the cosine term will undergo many oscillations in one period of the sine term. That 
is, the sine term plays the role of a slowly varying amplitude and we have the situation in the 
figure below. 








458 
4 Re (x,0) 
|" 
13-22. 


a) Using Eq. (13.111a), we can write (for t = 0) 
y(x,0)= f A(k)e™ dk 


=B f AW! e= dk 


—o0 


= Be ^ [emp e 9 gk 


—o0 


+0 
zn B T 
— Be ikox fe ou e iux du 


—o0 


This integral can be evaluated by completing the square in the exponent: 


+00 j +00 ~a x2? x) 
[e* g^ dx - [e ^^ dx 


—00 —00 


and letting y = x —b/2a, we have 


+00 b? +00 2 
—gx? py = 

fe ~ e dy pie fe " dy 

—o0 —o0 


Using Eq. (E.18c) in Appendix E, we have 


+00 z p 

== 2 Ra 

fe ane dx= [= e^ 
a 


—0 


Therefore, 
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(2) 


(3) 


(4) 
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v(x,0) -B |Z e * e ho (5) 


The form of |v(x,0)| (the wave packet) is Gaussian with a 1/e width of 4J/c , as indicated in the 
diagram below. 








b) The frequency can be expressed as in Eq. (13.1132): 
cX(k) =a, + x (k — k;) ^... (6) 


and so, 


= Í A(k) pleat rk] dk 


= Bet») [ety elo er) (ko) dk 


+00 
= Beilot-kox) U 


—o0 


2 


g ntt du (7) 
Using the same integral as before, we find 


v(x,t) = a gt o9) g ei he m 


c) Retaining the second-order term in the Taylor expansion of o (k), we have 














(E) = ax + 06 (e) ot (E ks + (9) 


Then, 


+00 PM 1 " 5 
y(x, t) = gt) Í Ae ap (k—ko ) t-(k-ko)=| dk 


—o0 


p oi 29 wo. i 
— Bet-*»9) Í e ( 2 ) eilwit-x)u du (10) 
We notice that if we make the change c —iajt/2 — c, then (10) becomes identical to (7). 
Therefore, 
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V(x,t) - B 





26 -iwit 


27 j oot fox) 


e 


-a(x,t) 








where 


(wit — xy (e ; iog) 





a(x,t)= 
The 1/e width of the wave packet will now be 


Wie (t) -2 o 


or, 


40 + (ex). t? 


4o* + (et) F 





T 
Wy) Ads re St 





J 
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(11) 


(12) 


(13) 


(14) 


In first order, We, shown in the figure above, does not depend upon the time, but in second 


order, W,,, depends upon t through the expression (14). But, as can be seen from (8) and (11), 
ye Aep P 8 P 


the group velocity is œj, and is the same in both cases. Thus, the wave packet propagates with 


velocity œ but it spreads out as a function of time, as illustrated below. 











-X 


CHAPTER 1 4 


The Special Theory 
of Relativity 





14-1. Substitute Eq. (14.12) into Eqs. (14.9) and (14.10): 


v 
xp- A», Zg] (1) 
c 
v 
X, usu) eon (2) 
From (1) 
LM 51-2 
x C 
From (2) 
Pines: 1 
ti ZI 
C 
So 





Or 


462 CHAPTER 14 


14-2. We introduce cosh a= y, sinh a= y v/c and substitute these expressions into Eqs. 
(14.14); then 


xi 2 x; cosh a - ct sinh & 


t'=tcosha—— sinha (1) 
C 


FI . ro 
X)— X3; X3 =X 
Now, if we use cosh a= cos (ia) and i sinh @= sin (io), we can rewrite (1) as 


xi =x, cos (ia) + ict sin (ia) 











(2) 
ict' =—x, sin (ia) + ict cos (ia) 
Comparing these equations with the relation between the rotated system and the original 
system in ordinary three-dimensional space, 
xi =X, cos 0 x, sind 
X; =—X, sin 0+ x, cos 0 (3) 
We can see that (2) corresponds to a rotation of the x, — ict plane through the angle ia. 
14-3. Ifthe equation 
2 ict 
Prea AL ry (1) 
ot 
is Lorentz invariant, then in the transformed system we must have 
, 1 6? y(x',ict') 
V" y(x' ict =0 2 
v( ) E: or? (2) 
where 
2 2 2 
ee m + e2 + e (3) 
Ox" Oy" z 
We can rewrite (2) as 
4 92 ' ict! 
y v (x' ic i= (4) 
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e e 
Now, we first determine how the operator ym 3 is related to the original operator EE 
u x Xy 
We know the following relations: 
x, T 2 Aw Xy (5) 
x = Laan # ide Oi (6) 
Lie A uv uà T (7) 
Then, 
ô ôx, 0 
EY d a 8 
p OX, 22. dao m 8) 
e ô 2.9 
=% A ——- — 9 
Ox? 2, OE o 24 us i VEA uv Aan Ox, Ox, 0) 
Therefore, 


0 O0 


Lar 21224 uv Au ax, Ox, Ox, 
bcd " x Ee 
Ey. (10) 


ex; 


Since u and A are dummy indices, we see that the operator Ye / dx‘, is invariant under a 


Lorentz transformation. So we have 


2 range 
y y(x LAE (11) 
z OX, 


This equation means that the function y taken at the transformed point (x',ict') satisfies the 
same equation as the original function v (x,ict) and therefore the equation is invariant. In a 
Galilean transformation, the coordinates become 


x'-x-ut 
y -y-v,t 
(12) 
zZ'=Zz-0,t 
t'zt 


Using these relations, we have 
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0 ð Ox | O et 0 10 
Ox' Ox Ox' ot Ox' Ox v, ôt 
ô ô 10 
oy’ Oy v, ot 
(13) 
Q ô 1əð 
oz’ Oy v, Ot 
E 
ot' ot 
Therefore, 





eoo og alg ep m euer 


+— + = +— + 
Ox2 dy" Oz" coa" | Ax? oy oz c* AE | |vi vw, v | at? 


(14) 





1 æ wi e fe! e 
v, OxOt v, OYOE v, OzOt 


This means that the function v (x' ict") does not satisfy the same form of equation as does 
y(x,ict), and the equation is not invariant under a Galilean transformation. 


14-4. Inthe K system the rod is at rest with its ends at x, and x,. The K' system moves with a 


velocity v (along the x axis) relative to K. 





If the observer measures the time for the ends of the rod to pass over a fixed point in the K' 


system, we have 








E 
C 
(1) 
1 v 
t, = 7 (t 3 x 
Ü C 
l-z 


where tį and t; are measured in the K' system. From (1), we have 
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H-E = (G 5)-—(x, x) (2) 


We also have 
X,—-X, =f (3) 
v(t, -t,) - 4 (4) 
v(t - t) » t (5) 


Multiplying (2) by v and using (3), (4), and (5), we obtain the FitzGerald-Lorentz contraction: 





o 


(2 GT — (6) 
C 











14-5. The "apparent shape" of the cube is that shape which would be recorded at a certain 
instant by the eye or by a camera (with an infinitesimally short shutter speed!). That is, we must 
find the positions that the various points of the cube occupy such that light emitted from these 
points arrives simultaneously at the eye of the observer. Those parts of the cube that are farther 
from the observer must then emit light earlier than those parts that are closer to the observer. An 
observer, looking directly at a cube at rest, would see just the front face, i.e., a square. 














When in motion, the edges of the cube are distorted, as indicated in the figures below, where 
the observer is assumed to be on the line passing through the center of the cube. We also note 
that the face of the cube in (a) is actually bowed toward the observer (i.e., the face appears 
convex), and conversely in (b). 


(a) Cube moving toward the (a) Cube moving away from the 
observer. observer. 
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1 4-6. 








We transform the time t at the points x, and x, in the K system into the K' system. Then, 


From these equations, we have 








x,- Xx 
At! =t - t, - -yo EL vas 4 (2) 





1 4-7. 





Suppose the origin of the K' system is at a distance x from the origin of the K system after a time 
t measured in the K system. When the observer sees the clock in the K' system at that time, he 
actually sees the clock as it was located at an earlier time because it takes a certain time for a 


light signal to travel to 0. Suppose we see the clock when it is a distance / from the origin of the 
K system and the time is ¢, in K and t; in K'. Then we have 


vl 
h= y(i -£ 


c(t-t,)=2 (1) 


We eliminate /, t,, and x from these equations and we find 
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v 
i-r 1-2] (2) 
c 
This is the time the observer reads by means of a telescope. 


14-8. The velocity of a point on the surface of the Earth at the equator is 





2aR, 27 x(6.38x10° cm) 
V= = 
T 8.64 x 10* sec (1) 
= 4.65 x 10* cm/sec 
which gives 


4 
CUN cm/sec 4... ig^ Q) 
C 3x10" cm/sec 





According to Eq. (14.20), the relationship between the polar and equatorial time intervals is 











Apc N (ig) (3) 
J1- 2 
so that the accumulated time difference is 
1 » 
A=At'—At=> PM (4) 
Supplying the values, we find 
1 
A=—x(1.55 x 10°) x (3.156 x 10” 10? 5 
2 x )x( x sec/yr) x( yr) (5) 
Thus, 
A = 0.0038 sec (6) 
1 4-9. 


w v + dv 
dm 


The unsurprising part of the solution to the problem of the relativistic rocket requires that we 
apply conservation of momentum, as was done for the nonrelativistic case. The surprising, and 
key, part of the solution is that we not assume the mass of the ejected fuel is the same as the 
mass lost from the rocket. Hence 


p=ymo=(y+dy)(m+dm)(v+dv)+y,dm'w (1) 


where -dm is the mass lost from the rocket, dm’ is the mass of the ejected fuel, 
w=(v-V)/(1-vV/c’) is the velocity of the exhaust with respect to the inertial frame, and 


y, 1/ J1- w^/c* . One can easily calculate dy = y? d£ , ad after some algebra one obtains 
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d , 
rmdoevdne w (2) 


where we of course keep infinitesimals only to first order. The additional unknown dm' is 
unalarming because of another conservation law 


E=ymc? -(y * dy)(m- dm)c? +y,, dm' c (3) 


Subsequent substitution of dm' into (2) gives, in one of its many intermediate forms 
yn av (1- P?) + dm(v-w)=0 (4) 
C 


and will finally come to its desired form after dividing by dt 


do dm ge 
n-tv lf )=0 (5) 


The quantity dt can be measured in any inertial frame, but would presumably only make sense 
for the particular one in which we measure v. Interestingly, it is not important for the ejected 
fuel to have an especially large kinetic energy but rather that it be near light speed, a nontrivial 
distinction. For such a case, a rocket can reach 0.6c by ejecting half its mass. 


14-10. From Eq. (14.14) 
x= y(x a vt) (1) 


v 
r-y(r- Ex) Q) 
C 
Solving (1) for x, and substituting into (2) gives 


t -r-a 
ely 


2 
CAP v t 
Ly = bP at 

C c y 


repre nt 
C 


Solving (2) for t and substituting into (1) gives 
: | E U | 
MEV XO) =+- 
y c 


x =y(xi+ ot 





or 
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14-11. 
V 
Zi 0 
From example 14.1 we know that, to an observer in motion relative to an object, the dimensions 


of objects are contracted by a factor of ,/1-v’/c? in the direction of motion. Thus, the x! 
component of the stick will be 





=X 


Lcos G41- v? /C? 


while the perpendicular component will be unchanged: 
Lsin 0 


So, to the observer in K', the length and orientation of the stick are 


pars? os (ioni) oe! a] 


gigs sin 0 
cos 0 J1— v? /c? 





Or 








tan 0ü' =y tan 0 


14-12. The ground observer measures the speed to be 


gu E ei NUR 


^A usec 





The length between the markers as measured by the racer is 


t'sta-vc 
25) 
= 100 m ,/1—] == =|55.3 meters| 


The time measured in the racer’s frame is given by 
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( (2.5 10° m/s)(100 m)) 
|^ usec 2 

E 1- (2.5/3 

—|.22 usec 











The speed observed by the racer is 


14-13. At' =y At 
At = 1.5 us 
y -(1- 0.999] " =22.4 
Therefore |At’ = 34us!. 
1 4-1 4. 
K K 
x c 
source receiver 


In K, the energy and momentum of each photon emitted are 


h 
E-hv, and p= Em 
c 
Using Eq. (14.92) to transform to K': 


h 
E'2hvz y(E-vp,); (p, E -74 ) 


= (i, 2: 
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So 














= Vo 1 +B = Vo 1-58 
1-8 1-8 
which agrees with Eq. (14.31). 
14-15. From Eq. (14.33) 
1-2 
v= Vo 
1-5 
Since 1 =c/v 
J= 
A = B A 
4178 
Or 
jae? zi 
1-5 


. 4 x 10* 
With A4, 2656.3 nm and f= 3x10 A = 656.4 nm. 
x 


So the shift is 0.1 nm toward the red (longer wavelength). 





14-16. 





Earth 


Consider a photon sent from the star to the Earth. From Eq. (14.92) 
E'-y (E - vp;) 
also 


E z y(E' op) 
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Now 
E=hv, E'zhw, p= NAT 0, pi= uda 0' 
C C 

Substituting yields 

Y= vy(1+Bcos 0) 
and 

V=V Vo (1- 8 cos 8) 
Thus 


(1+ 8 cos 0)(1— Bos 6") = y? 
1+ f cos 0— f cos 0' — ff cos 0 cos 6’ - 1— f? 
cos 0 — cos 0' — p cos 0cos 0' = -p 


Solving for cos yields 





cos 0' - B 


cos Q = ————— — 
1- B cos 0' 











where 
B=0/c 
0 - angle in earth's frame 


0' = angle in star's frame 


14-17. From Eq. (14.33) 


yeu 
1-5 
Since 
v-cA, 
ge [Ee D. 
1-2 


We have 4 =1.5 4. This gives P= = 


or 








v=1.2x10° m/sec| 
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14-18. 





i observer 


Proceeding as in example 14.11, we treat the light as a photon of energy hv. 


hv, 


In K': E'zhw,p' 2 — 
C 


In K: E=hv=y(E'+ vp) 


For the source approaching the observer at an early time we have 











hv 
p 
Thus 
v=r(% HE v =V Eu 
C 1-58 
For the source receding from the observer (at a much later time) we have 
hv, 
n 
and 
zu E 
1-58 
So 
V-y 7; source approaching observer 
1-8 ; 
dai rmi B source receding from observer 
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14-19. 


Source 





Ü 
—— e 
i observer 


Proceeding as in the previous problem, we have 


In K': E'=hv 


DUET e Jg 


In K: Ezy(E'* vpl)- hv, 





So 
1 A 5 hv B 
hv, = h endl oa 
" ics re erem [e 
or 


v(1-£,) 


V- Ay a V-82 -& 


Vo A 1-5, 

















For A» À,, we have 
Q-Ay»1-£-5& 

P: > 28, - 2B; 
B >2p,(1-2,) 














14-20. As measured by observers on Earth, the entire trip takes 


E m _ 80 gas 
0.3 c 3 


The people on earth age ~ years. The astronaut's clock is ticking slower by a factor of y. Thus, 


the astronaut ages 
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= V¥1-0.3* = 0.95 El years 











dt 


So 
Those on Earth age 26.7 years. 
The astronaut ages 25.4 years. 
1 ; 
| -;Jc29 
d| mv v | 3 ( 
14-21. | 2 jem 32 


NET. 





SEO d + pu 
"ae ar 


If we take v= v,e; (this does not mean ù, =ù, =0), we have 


tV 
1542 1-5) 





0, Ù 
uere 
0i C C Mo 





Tex Nae yz 0i 
1- f (i-&y (1-5) 





=M, Oy 




















m 
7 "uw . 
F, = 1 f 0, = m, 0, 
m ; ; 
F = — 0; =m, d, 
1-2 





14-22. The total energy output of the sun is 


HB. (14 x 10? W-m?) x Az R? 
dt 


where R2 1.50 x10" m is the mean radius of the Earth's orbit around the sun. Therefore, 


BE = 3.96 x10% W 
dt 


The corresponding rate of mass decrease is 


dm. TE o AR RES 
dt c di 
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(1) 


(2) 


(3) 


(4) 


(1) 


(2) 


(3) 


The mass of the sun is approximately 1.99 x 10? kg, so this rate of mass decrease can continue 


for a time 
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1.99 x 10” 
pose E Lp Tbe (4) 
44x10' kg-s 





Actually, the lifetime of the sun is limited by other factors and the sun is expected to expire 
about 4.5 x 10* years from now. 


14-23. From Eq. (14.67) 
po = E? m E 
-(E «TJ -E 


=2E,T +T? 





[p2c? = 2T me? +T? 








14-24. The minimum energy will occur when the four particles are all at rest in the center of 
the mass system after the collision. 


Conservation of energy gives (in the CM system) 
2E, = 4m,c* 
or 
E cO = 2m,c* - 2E, 
which implies y= 20r B= J3/2 


To find the energy required in the lab system (one proton at rest initially), we transform back to 
the lab 


E z y(E' op!) (1) 


The velocity of K'(CM) with respect to K(lab) is just the velocity of the proton in the K' system. 
Sou - v. 


Then 
op, — 2(Pom) = v(ymu) - ym = ym? ff 


Since y= 2, B- ja, 


Substituting into (1) 
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E,- "25. +35] = 275 |= 7E, 






The minimum proton energy in the lab system 
is 7 mc , of which 6 mc is kinetic energy. 








14-25. Let B- Bz 


Then 





F=qvx B= £p) = ym (v) gives 





Define o zqB,/ym 


Thus 
0, =v, and 9, — -0v 

or 

9,-00,-—0'v, 
and 

Ü, =-ob, =-@’v 

y x y 
So 


0, = A cos ot + B sin ot 
v, =C cos ot + D sin at 

Take v, (0) 2v, v, (0) 20. Then A =v, C 2 0. Then à, (0) 2 ev, (0) =0 
ù, (0) 2 —ev, (0) = -ov 


—>B=0,D=-v 
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Thus 
v —ivcos ot - jv sin ot 


Then 


. U . U 
r=1— sin ot * j — cos ot 
o) e 


The path is a circle of radius Ma 
o) 


ye ym p 
qBy/ym qB, qB 





From problem 14-22 


2 71/2 
p= E + d 


So 








14-26. Suppose a photon traveling in the x-direction is converted into an e and e* as shown 
below 


Ves ae 





before after 


Cons. of energy gives 


where 
p, - momentum of the photon 
E, = energy of e* = energy of e 
Cons. of p, gives 
p, 7 2p, cos 0 (p. - momentum of e, e) 


Dividing gives 
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Pye =c= E, 
P, n p, cos 0 
or 
p.c cos? 0- E? (1) 


But E? > p?c^, so (1) cannot be satisfied for cos? 0x1. 


An isolated photon cannot be converted 
into an electron-positron pair. 


This result can also be seen by transforming to a frame where p, =0 after the collision. But, 





before the collision, p, = p,c #0 in any frame moving along the x-axis. So, without another 


object nearby, momentum cannot be conserved; thus, the process cannot take place. 


14-27. The minimum energy required occurs when the p and p are at rest after the collision. 
By conservation of energy 


2E, = 2(938 MeV) 
E, 2938 MeV =T + E, 
Since E, 20.5 MeV, 





T, zT. 2937.5 MeV 


e e 


14-28. T = mv? 


classical 7 


NI RR 


Ta =(y-1) mc? 2 T, 


n classical 


We desire 


Tia m T assical < 0.01 


rel 





Putting y = (1 - ee and solving gives 
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v<0.115c 





The classical kinetic energy will be within 1% of the correct 
value for 0 <v €x 3.5 x 107 m/sec, independent of mass. 








14-29. BeyE, 
For 


E -230x10? eV 


E, «0.51x 10° eV, 


y = 5.88 x10! 
M2 
=-= or p=(1-7°) 
1-2 
1 


=1-—,=1-14x10” 
B 25) 





v-(1-14x1077) c 








= 0.99999999986 c 





14-30. A neutron at rest has an energy of 939.6 MeV. Subtracting the rest energies of the 
proton (938.3 MeV) and the electron (0.5 MeV) leaves 0.8 MeV. 





[Other than rest energies 0.8 MeV is available. 








14-31. 


0.98c 





Conservation of energy gives 
E, =2E 


m P 


where E, — energy of each photon (Cons. of p, implies that the photons have the same energy). 
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Thus 
y E, =2E, 


p XE 195 MeV 


" 2  oh-098g 


The energy of each photon is 339 MeV. 


= 339 MeV 

















Conservation of p, gives 


ymo = 2p, cos 0 where p, = momentum of each photon 


(135 Mev /c’)(0.98 c) 


cos ü— 
24/1— 0.98" (339 MeV/c) 
0— cos ! 0.98 2 11.3? 


= 0.98 








14-32. From Eq. (14.67) we have 
E? -E = p’? 
With E= E, +T , this reduces to 
2E,T +T? = p°? 

Using the quadratic formula (taking the + root since T = 0) gives 
Substituting pc = 1000 MeV 

E, (electron) = 0.5 MeV 

E (proton) =938 MeV 
gives 


T 


electron 


=999.5 MeV 





T, 


proton 


= 433 MeV 
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14-33. 





before after 
Conservation of p, gives 

p, sin 60° = p, sin 60° or p, = p, 
Conservation of p, gives 

Pp =P. COS 60° + p; cos 60° = p, 
So 

Pe Pp PSP 
Conservation of energy gives 
Eon = E, + E, + E 





Es JE +p’? + yE, +p’? + pc 
Substituting 
E,, =939.6 MeV 
Ey, = 938.3 MeV 
E,, 20.5 MeV 


and solving for pc gives 
p = 0.554 MeV/c 


Py p, = Pr = 0.554 MeV/c 





Substituting into 


gives (Ej, =0) 


T, = 0.554 MeV 


T, =2x 10^ MeV, or 200 eV 





T, = 0.25 MeV 
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14-34. As"? 5 CH e x xP xy 


Using the Lorentz transformation this becomes 





2,2. 
2,2 UX, 
=c t —-—— + 2x,vt 
2 0) Xp? 2x, vt 
12 C 1 1 2 2 
As? = 1 MAT exi*x 
1-v^/c 1-v^/c 
2.2 2 
vox v 
x? ;-|-cg--—-É 
C C 





2 2 
- +x 
1-v^/c? 


--COU + xp tx5 4x5 


So 











As’? = As? 





14-35. Let the frame of Saturn be the unprimed frame, and let the frame of the first spacecraft 
be the primed frame. From Eq. (14.17a) (switch primed and unprimed variables and change the 
sign of v) 


OW tU 


m ! 
uo 
2 
C 





1 





1+ 


Substituting v = 0.9 c 
uy -02c 


gives 


14-36. Since 


“` gr 


d [n ae) and X, = (XiX; 2 ict) 
T 


we have 





2 
noi| mjni i 








dc dc dc? 
dx dx 
E-m z 35m i 


dr? 


d 
; 2 
Fm EC A 
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Thus 














,—. d Ux 
Fi imi (i- 98) 
d? 


tooo s 
= y icm ifm 
i dc? A dc? 


- (E, - ifE) 








Thus the required transformation equations are shown. 





14-37. From the Lagrangian 


L-me(i-i- g)-7 ke? (1) 
we compute 
oL 
Ox 
oL OBoL | p 


0v owp J-P A 


Then, from (2) and (3), the Lagrange equation of motion is 


—kx (2) 








d| mcp E 
5| pe [etse (4) 


from which 


poem (5) 


Using the relation 


cp do dodx . do 


-2-22 IVA (6) 
dt dx dt dx 


we can rewrite (4) as 
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(7) 


This is easily integrated to give 





+o ke =F (8) 


where E is the constant of integration. 


The value of E is evaluated for some particular point in phase space, the easiest being x = a; 


B=0: 

















E=me + i ka? (9) 
2 
From (8) and (9), 
2 
ies zi ; kx? mcos ; ka? (10) 
1-2 
Eliminating 4’ from (10), we have 
2.4 
24 mC 
B 1 


[me + «(n - x)| 














= k(a? — x°) : ; (11) 
mc? + ze — a 
2 
and, therefore, 
1 dx Jkl - 2°) ame + k(a? x") /4 b 
E me +k(a? -x*)/2 M2) 
The period will then be four times the integral of dt = dt(x) from x = 0 to x = a: 
m ° Leges (e) 
ean z— dx (13) 
0 Va’ A + (a -x 
4mc 
Since x varies between 0 and a, the variable x/a takes on values in the interval 0 to 1, and 
therefore, we can define 
sin ø= Ž (14) 
a 


from which 
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2 2 
COS ó- AMETE (15) 
ü 


and 
= Va’ -x° dó (16) 


We also define the dimensionless parameter, 























a |k 
=e 17 
Using (14) - (17), (13) transforms into 
7? (14- 2x? cos? 
M eu] (18) 
KC $ J1-x? cos? ġ 
Since ka^/mc^ <1 for the weakly relativistic case, we can expand the integrand of (18) ina 
series of powers of x: 
1+ 2x? cos? e 
l 9) = (142K? cos 'e-5 — cos? ] 
(1 4 K^ cos? ó) 
zie2-ile cos? 
2 
=1+ 2 K’ cos? (19) 
2 
Substitution of (19) into (18) yields 
z/2 
s E Dd cos LI 
~ KC D 2 
n/2 
dor Eh x iei sin 2] (20) 
E " 


Evaluating (20) and substituting the expression for x from (17), we obtain 


r= ALME Dr (21) 


3 ka? 
=1,|1+— 22 





or, 
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dp d 
m= Ar F2—2— 
14-38 4 m (ymu) 


=m £ (yu) (for m = constant) 


d u 
= Mm — | —_———— 
‘| m 


(1 = wle” -u -S Je £ wor)” » 





=m 


(1-u"/c’) dt 


(ciego d 


Thus 


F=m Ai-je” 





14-39. The kinetic energy is 


T 2 J pc? + mct — mc? 


For a momentum of 100 MeV /c, 


T, = V 10^ + (931) -931 = 936 -931 = 5 MeV 
Tectron = N10 + (0.51)? — 0.51 = 100— 0.5 = 99.5 MeV 


In order to obtain y and £, we use the relation 











2 
E=mč =yme = ace 
15 
so that 
-EÈ 
MgC 
and 
1 
Bs es 
10 z 200 


Y electron — 0.51 
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(1) 


(2) 
(3) 


(4) 


(5) 


(6) 


(7) 
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1 2 

=,]1-| — | =0.999988 8 

jacaton E | ( ) 
This is a relativistic velocity. 
936 

= — =1.0054 9 

Y proton 931 ( ) 
1 2 

= ,/1—| ———] E04 10 

P proton Ed SH 


This is a nonrelativistic velocity. 


14-40. If we write the velocity components of the center-of-mass system as v;, the 


transformation of p, ; into the center-of-mass system becomes 











( vE, \ 
' = T. 1 
Paj V| Paj c? J ( ) 
where y = =- Since in the center-of-mass system, > Paj = 9 must be satisfied, we have 
ja " 
c? 
vE, 
Dr.Dre - po Q) 
or, 


(3) 





14-41. We want to compute 


2 
T, _ E,= moe 

2 
To Eo- mc 


(1) 


where T and E represent the kinetic and total energy in the laboratory system, respectively, the 
subscripts 0 and 1 indicate the initial and final states, and m, is the rest mass of the incident 
particle. 


The expression for E, in terms of y; is 
E, - mc) y, Q) 


E, can be related to E; (total energy of particle 1 in the center of momentum reference frame 
after the collision) through the Lorentz transformation [cf. Eq. (14.92)] (remembering that for the 
inverse transformation we switch the primed and unprimed variables and change the sign of v): 
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E= J (E; +cBip; cos 0) (3) 
where p! = mchy! and E! = mqc^y|: 
E, = mc) yt (1 + BY cos 0) (4) 
Then, from (1), (2), and (4), 


T 7 +77 BÉ cos0-1 
T, 5-1 





(5) 


For the case of collision between two particles of equal mass, we have, from Eq. (14.127), 


l-r 
2 1 
, = 6 
ái 2 (6) 
and, consequently, 
-1 
WB =y? -1= (7) 


2 
Thus, with the help of (6) and (7), (5) becomes 
T 7% -1+ (7 -1) cos 8 
Ty 2( yy— 1) 


| 1-4 cos 0 
TU Tem 





(8) 


We must now relate the scattering angle 0 in the center of momentum system to the angle yin 
the lab system. 


Squaring Eq. (14.128), which is valid only for m, = m,, we obtain an equation quadratic in cos &. 


Solving for cos 0 in terms of tan? y , we obtain 


NIRE wl 
cos 0 = (9) 
Le] tan? y 





One of the roots given in (9) corresponds to 0- z, i.e., the incident particle reverses its path and 
is projected back along the incident direction. Substitution of the other root into (8) gives 
T, 1 2 cos? y 


(10) 





T, mm y 2c y t (y, *1)sin? v 


An elementary manipulation with the denominator of (10), namely, 
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2 cos? y * (y, * 1) sin? y = 2 cos? y * y, (1- cos? y) * sin? V 
=y, * sin? y 4 cos? y — y, cos? y * cos? y 
- y, * 1-7, cos? y 4 cos? y 


- (5, *1)- (5i - 1)cos? v (11) 


provides us with the desired result: 





T, 2cos? y 
= 12 
T, (x*1)-(x,-1)cos? v de 





Notice that the shape of the curve changes when T, > mjc^, i.e., when y, » 2. 












NER 
To 
1.04 
T, 2 0.1 GeV 
081 » d 
T, =1 GeV 
0.6 + 
T, = 10 GeV 
0.47 
0.2 + 
0 t > 
0 30 60° 90 y 


14-42. 


hv 





From conservation of energy, we have 
2 2 
h,+m,c —-ym,c -hy (1) 
Momentum conservation along the x axis gives 


m M cos 0+ ym, v cos @ (2) 
C 





C 


Momentum conservation along the y axis gives 


, 


D md (3) 
C 





ym, vsin g= 
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In order to eliminate 4, we use (2) and (3) to obtain 


cos ó— : É ii cos 0 











ymvolce c 
sin g= sin 0 
ymv 
Then, 
2 , 2 , 
cos? ó« sin? g=1=— 5 ae |] 2| | Joos] 
ym c c c c 
Since a and v=~,/y?—1 we have 
aas : 
C 


y^ 2g (7 = 1) 


Substituting y from (1) into (6), we have 





2h i n? n2 
dmt (v uu (v-v) 


From (5) and (7), we can find the equation for V: 


DESEE 














C C C 
Or, 
2m.c? 2m,c? 
ZI 4 2v(1-cos 6) v= ue V 
h h 
Then, 
; 1 
y - m v 
1+ 1- cos 0 
m 
Or, 








The kinetic energy of the electron is 
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(4) 


(5) 


(6) 


(7) 


(8) 


(9) 


(10) 


(11) 
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1 


E 
1+ a d (1- cos 0) 





T-2ym,c m, -hv-hv -E|1 





e 





(12) 








